DE GRUYTER

Journal of Applied Geodesy 2014; 9(1): 1-13

Research Article

Christoph Holst*, Axel Nothnagel, Martin Blome, Philip Becker, Malwin Eichborn, and Heiner

Kuhlmann

Improved area-based deformation analysis of a
radio telescope’s main reflector based on

terrestrial laser scanning

Abstract: The main reflectors of radio telescopes deform
due to gravitation when changing their elevation angle.
This can be analyzed by scanning the paraboloid surface
with a terrestrial laser scanner and by determining focal
length variations and local deformations from best-fit ap-
proximations.

For the Effelsberg radio telescope, both groups of deforma-
tions are estimated from seven points clouds measured at
different elevation angles of the telescope: the focal length
decreases by 22.7 mm when tilting the telescope from
90 deg to 7.5 deg elevation angle. Variable deformations
of + 2 mm are detected as well at certain areas. Further-
more, a few surface panels seem to be misaligned.

Apart from these results, the present study highlights the
need for an appropriate measurement concept and for pre-
processing steps when using laser scanners for area-based
deformation analyses. Especially, data reduction, object
segmentation and laser scanner calibration are discussed
in more detail. An omission of these steps would signifi-
cantly degrade the deformation analysis and the signifi-
cance of its results. This holds for all sorts of laser scanner
based analyses.
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1 Motivation

Radio telescopes are often used for geodetic very long
baseline inteferometry (VLBI) measurements. By simulta-
neously measuring the differences in signal arrival times,
the vectors between the reference points of pairs of radio
telescopes can be estimated. The signal paths within the
optics of the radio telescopes do not influence the obser-
vation if they remain constant because they are absorbed
in the clock corrections [1, 34].

This is not the case if the focal length of a telescope’s
main reflector underlies variations since this also results in
a variation of the signal path [4]. Hence, focal length varia-
tions can affect the VLBI observable to a non-negligible ex-
tent. Figure 1 displaying the Effelsberg radio telescope ex-
emplarily shows two distinct signal paths explaining this
situation. Since these signals are reflected on the main re-
flector (afterwards reflected on the subreflector and finally
bundled in the feed horn), local variations in its shape also
lead to signal variations biasing the VLBI observable. Con-
sequently, both the focal length of a radio telescope and its
main reflector’s shape, should be known very accurately.

Determining the focal length and the main reflector’s
detailed shape is not trivial since both parameters vary due
to gravitation when changing the telescope’s elevation an-
gle. This has already been analyzed for several radio tele-
scopes [11, 15, 35, 36, 40, 41]. Here, either photogrammetric
or terrestrial laser scanner (TLS) measurements have been
used for analysis — each time by high density sampling of
the main reflector’s surface.

Comparing both approaches, the ability of using pho-
togrammetric measurements is limited to small reflectors
only, e.g., reflectors of 12 m [40] or 22 m [41] in diame-
ter have been measured. This is due to the number of pho-
tographs that need to be taken for a detailed capturing of
the reflector’s shape as well as due to the subsequent bun-
dle adjustment that needs a large number of targets to be
mounted on the complete reflector’s surface [40, 41]. Ter-
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Fig. 1. Effelsberg radio radio telescope with a sketch of two distinct
single paths [15].

restrial laser scans do not suffer from these limitations;
they are used for scanning reflectors of 30 m [5], 32 m [35]
and of even 100 m [15] in diameter.

The 100 m Effelsberg radio telescope — being inves-
tigated in the present study — has already been scanned
for deformation analysis in the year 2010. Based on these
scans, changes in the shape of the main reflector lead-
ing to focal length variations of several millimeters have
been revealed using the Leica HDS 6100 laser scanner
[11, 14, 15, 31]. However, the measurement concept and the
data processing needed to be further improved. This is a
consequence of the progress in knowledge regarding the
measurement and processing of laser scanner point clouds
that took place in recent years. This especially holds for
data reduction of point clouds [10, 14] and the calibration
of TLS [13]. Additionally, new measurements of the Effels-
berg radio telescope have been performed in the year 2013
using the laser scanner Leica Scan Station P20.

Thus, the improved deformation analysis of the Effels-
berg radio telescope presented here can be regarded as a
result of steady enhancement of using laser scanner mea-
surements for surface analysis. At the end, focal length
variations and local deformations can be revealed with a
precision in the range of a millimeter. This is possible since
the shape of the scanned object — a rotational paraboloid
— is known. Hence, the crucial step for a precise analysis
is the integration of model knowledge.

In the following sections, the different steps of defor-
mation analysis are presented. Especially, the improved
measurement concept, the data reduction, the object seg-
mentation and the TLS calibration need to be applied since
all of these steps essentially upgrade the significance of
the derived results. In the corresponding sections, the im-
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proved analysis is described and compared to the process-
ing steps commonly applied up to now. Finally, the global
deformation (focal length variations) as well as the local
deformations (systematic deviations from the best-fit sur-
face) of the Effelsberg radio telescope are presented and
discussed.

2 Measurement concept

The Effelsberg radio telescope’s diameter is 100 m, its fo-
cal length approx. 30 m and its weight 3200000 kg [28].
The scanning concept for this telescope, developed al-
ready in 2010 [15], is based on the requirement that the
complete main reflector can be covered from a single scan-
ner position.

For this purpose, the scanner is mounted head-down
near the prime focus underneath the Gregorian sub-
reflector. With this setup, only the areas shaded by the
beams holding the subreflector cannot be covered. In the
first measurement project in 2010, the TLS had been fixed
rigidly to the structure so that it rotated entirely with the
main reflector [15]. As a consequence, the bearings and the
servomotors rotating the TLS in azimuth and those actuat-
ing the beam deflection had been subject to forces which
may lead to damages of the TLS or to biased measure-
ments. Thus, this measurement concept needed to be up-
graded.

As a consequence of these drawbacks, the new design
forsees that the TLS always stays in a vertical position, al-
though upside-down again, even at different elevation an-
gles of the telescope. For this purpose, a stable hinge was
constructed (Figure 2) which allows the TLS to respond
to tilting like a pendulum. The hinge is equipped with a
strong brake which is released when the elevation angles
of the telescope are changing and fixed when measuring.
Consequently, the complete radio telescope as well as the
TLS mount can be assumed to remain fixed during each
scan.

Using this hinge in the same position as in the previ-
ous project (underneath the Gregorian subreflector), the
main reflector was scanned with a Leica Scan Station P20
in seven different elevation angles of 90 deg, 75 deg,
60 deg, 45 deg, 30 deg, 15 deg and 7.5 deg covering
the normal range of operation. Each scan produced a point
cloud consisting of approx. 500 million points with mea-
sured distances from 30 m to 50 m. These measurements
were performed at night to avoid solar radiation degrading
the scans.
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Fig. 2. Station and orientation of the TLS at an elevation angle of the
telescope of 90 deg (left) and 7.5 deg (right).

Fig. 3. Sketch of the measurement geometry, the resulting laser
beam vectors (blue) inside the laser scanners’s field-of-view (red
dashed) and the elevation of the telescope’s main reflector (black);
90 deg elevation (top) and 30 deg elevation (bottom)

C. Holst et al., Improved area-based deformation analysis of a radio telescope’s main reflector

— 3

During these measurements, the dual-axis compen-
sator of the TLS was always switched off. The TLS does
not have to be levelled (upside-down) for this project since
only the shape of the main reflector is analyzed, not its ab-
solute spatial transformation. Small deviations from this
upside-down position — that is only required by the TLS
servomotors — are, thus, irrelevant.

A disadvantage of the upgraded measurement geome-
try is that the main reflector cannot be scanned completely
at low elevation angles due to the limited vertical field-of-
view of 270 deg of the TLS. This is depicted in Figure 3
where a small part at the top of the main reflector is out-
side of the field-of-view of the TLS.

3 Parameter estimation

The seven measured point clouds each consisting of j =
1,...n sampling points are parameterized by the func-
tional model of the main reflector equaling a rotational
paraboloid [9]. A rotational paraboloid can be represented
only by one parameter describing its form, i.e., the focal
length f, if it is positioned in its normal form where its
rotation axis equals the Z-axis of the coordinate system
X, Y, Z):

2 2
X}- + Yi
4-f
This is not the case when the main reflector is scanned in

thelaser scanner’s local coordinate system [x, y, z], so that
the paraboloid needs to be transformed by

-Z=o0. )

X;
=Ry(py) - Re(gy) - X; + Xy )

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

p= [XV, Yv,Zv, Px, (Pyyf]T- (3)

These have to be estimated based on the sampling coordi-
nates X;. These are themselves a result of the original polar
measurements with

Xj sj+sin f; - cos t;
Xi= |y | =| sj-sinB;-sint; 4)
z; s;j - cos B

where I; = [s;, B, ;] and with s being the distance, § the
vertical angle and t the horizontal direction.
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Consequently, for estimating the parameters p (eq. 3),
the original polar measurements of the TLS I; are inte-
grated in the paraboloid’s model (eq. 1) by transformation
into cartesian coordinates X; (eq. 4) and then by transfor-
mation into the coordinates X; of the paraboloid’s coordi-
nate system (eq. 2). All three steps together build up the
functional model of the adjustment for estimating the pa-
rameters.

For the stochastic model, the covariance matrix

o5
Znj= 012; 5)
ot

is set up where 0s; = 1.0 mm + s; - 0.02 mm/m, og =
2.5 mgon and 0; = 2.5 mgon are chosen corresponding to
the manufacturer’s specifications of the Leica Scan Station
P20 [21]. As usual, the observations have to be assumed
to be uncorrelated and Gauflian distributed because of the
lack of correlation information.

This adjustment typically leads to the Gauf3-Helmert
model (GHM) - also known as general case of adjustment
[29] - considering the used functional model. Thus, the
residuals V¥ representing the deviations between observa-
tions 1 and approximated observations 1are minimized fol-
lowing the theoretical target function v’ ;v [29, 44].

The strict solution of the GHM is explained in many
publications [14, 22, 29, 30] so that a recapitulation is omit-
ted here. For numerical reasons due to the large number
of observations when approximating laser scans, the GHM
is transformed to a Gauf3-Markov model (GMM) [44]. This
transformation is valid when working with TLS measure-
ments [10].

The results of the approximation are the estimated pa-
rameters P including their covariance matrix X;;. Here, -
as already stated — the estimated focal length is the most
meaningful parameter for the present application. Fur-
thermore, the post-fit residuals W of each sampling point,
also called discrepancies in a GHM [15], are estimated.
They can be used to analyze local systematic deformations
of the telescope’s surface. For an intuitive analysis of these
deformations, the residuals’ sign is defined here as fol-
lows: negative residuals are under/outside the reflector,
positive residuals are above/inside the reflector.

4 Preprocessing of the point cloud

Principially, the deformation analysis could be performed
already based upon the original measurements and the ad-
justment of the parameters including the focal length and
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the post-fit residuals at different elevation angles of the
telescope. However, this would — at this point — produce
misleading results suffering from missing preprocessing
steps. These steps of data reduction, object segmentation
and TLS self-calibration are presented here.

4.1 Data reduction

Data reduction might be a usual step in TLS point cloud
preprocessing. Usually, the aim is to improve the manage-
ability of the data memory and processing time by reduc-
ing the data volume when the object was over-sampled ini-
tially [19, 20, 45]. Only in the recent past, data reduction
has been analyzed regarding its potential for rigorously
achieving unbiased results in area-based surface analysis
[10, 14].

In fact, estimates of surfaces from a TLS point cloud
can be biased if the surface suffers from an incomplete
representation. Additionally, this bias varies when chang-
ing the scanning geometry. This is always the case if un-
known, non-parameterized deformations exist on the sur-
face since these deformations result in systematic errors.

The reason can be found in the sampling of surfaces
when using a TLS. Due to the sampling by constant an-
gular increments, the sampling density on the surface is
irregular in nearly all cases. Thus, areas that are more
densely sampled have a higher impact on the parameter
estimation than sparsely sampled areas. If deformations
exist which bias the parameter estimation, their influence
depends on the ratio of points covering these deformations
and those which are unaffected. Hence, by reducing the
number of data to gain similar point distances, this effect
of varying bias due to an irregular point sampling reduces.

This has been shown theoretically by [10] and it can
be confirmed by the present study when analyzing the
measurements of the year 2010 [31]. For approximating
the whole point cloud of about 350 million points, the
adjustment had to be implemented in C++ on a high-
performance processor using parallel computing. The
sampling density of this point cloud can be studied in
Figs. 3 (top) and 4 (left): near the main reflector’s vertex,
the sampling points are close together. Their spacing in-
creases to the borders of the reflector.

In a parallel processing chain, the data has been re-
duced to a nearly constant grid leading to a nearly ho-
mogeneous and constant sampling density of 1 million
points (Figure 4, right). The least-squares adjustment for
this data set was implemented in Matlab on a common pro-
cessor. Figure 5 shows the differences of the estimated fo-
cal lengths between complete data and the reduced one.
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Fig. 4. Relative sampling densities of scans when comparing the
complete point cloud (left) and the reduced one (right), shown from
top-view of the main reflector [31].

N w
T
I

[y
T
I

Differences of focal lengths [mm)]

90 80 70 60 50 40 30 20 10
Elevation angle [deg]

o

Fig. 5. Differences between the focal length estimations when using
the original, unreduced point cloud and when using the reduced
point cloud; used data from the year 2010.

Clearly, there is a bias between both estimates that de-
creases proportionally to the elevation angle of the tele-
scope. This bias can be traced back to local deformations
on the main reflector due to two reasons: (1) the magnitude
of the local deformations decreases with decreasing eleva-
tion angle (see also the post-fit residuals in Figure 11). (2)
The local deformations are located near the main reflec-
tor’s vertex — at the densest sampling regarding the non-
reduced point cloud. Thus, these deformations impact the
parameter estimation by a larger magnitude when approx-
imating the non-reduced point cloud compared to when
approximating the reduced one.

Consequently, due to unknown and non-paramterized
local deformations of the surface, the parameter estima-
tion would be variably biased when using the complete
point cloud with irregular point sampling. Data reduction
reduces this impact — robust estimation as also suggested
in [10] would not be a better solution: since several areas
of local deformations exist, they cannot all be separated
from the undeformed parts.
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Fig. 6. Detailed picture of the reflector surface showing single pan-
els and its perforated outer ring.

4.2 Object segmentation

Generally, object segmentation describes the separation of
the object of interest from the surrounding background not
being of interest. Therefore, the method of separation is
application-specific in most cases. This can range from se-
mantic segmentation [33] to geometric segmentation [43]
for, e.g., plant analysis. In the present case, the object seg-
mentation directly evolves from the construction of the
main reflector: (1) its partial transparency and (2) its subdi-
vision into single panels. Both circumstances can be seen
in Figure 6.

(1) The outer ring of the telescope of 10 m width is per-
forated to reduce aerodynamic resistance. Scanning per-
forated surfaces likely leads to data artefacts, mixed pix-
els or other systematic deviations [39]. Thus, these parts
are not suited for TLS measurements what could also be
seen when studying the radiometric data measured by the
scanner. Additionally, first investigations also show that
the outer ring seems to be deformed compared to the rest
of the main reflector. Consequently, these parts are elimi-
nated from the point cloud so that the remaining main re-
flector being analyzed is 80 m in diameter.

(2) The main reflector does not equal a solid entity but
consists of 2360 panels including the perforated outer ring
with 1496 solid panels [28]. The distance between neigh-
boring panels ranges from several millimeters to a few cen-
timeters — in any case big enough for a laser spot to fit in
the gap with foot prints of about 10 mm at distances of
30 - 40 m [21].

Thus, only points are considered further that are lo-
cated without any doubt on a panel surface. This is guar-
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Fig. 7. Detailed view of a section of the point cloud indicating points
that are segmented as corresponding to the main reflector (black)
and points that are eliminated (red) due to their position between
panels (top); corresponding post-fit residuals of the same segment
(bottom).

anteed by omitting all points between the panels as well as
the ones with a distance less than a few centimeters to the
panels’ borders. For this purpose, all panels are mapped
using the radiometric measurements of the TLS. This is
possible since the reflectivity of the signal is high only on
the panels themselves and not inbetween.

Figure 7 indicates the benefit: it displays the segmen-
tation of the parabloid and the omitted points for a part
of the main reflector (top). Furthermore, the post-fit resid-
uals corresponding to the same part are shown (bottom).
Clearly, the post-fit residuals of the points lying on the pan-
els are in the range of only a few millimeters. On the con-
trary, the ones corresponding to the omitted points are all
of significantly larger magnitude and also all negative —
thus, their measured distance is too long. Hence, not elim-
inating these points would significantly degrade the pa-
rameter estimation and deformation analysis.

From view of the VLBI, these two types of data seg-
mentation are also constructive: signal rays, which do
not hit the main reflecting surface but perforation holes
or panel gaps are not reflected to the subreflector in the
right angle and will be directed into the receiver feed horn
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only by accident and to a negligible amount. Furthermore,
since the outer panels are deformed to a larger extent,
their reflections into the feed horn are minimized as well.
For this reason, both steps of the data segmentation pro-
cess exactly match the consequences for the VLBI obser-
vations.

4.3 Laser scanner self-calibration

Laser scanner calibration has become a wide field of re-
search since TLS are used more and more for analyses
where highest accuracy is of interest [6, 42]. Without cali-
bration, the systematic errors following from unavoidable
misconstruction of the TLS can easily outnumber the ran-
dom errors so that the interpretation of deformations can
be totally misleading [13]. This can be seen for the present
application in Figure 8 where the post-fit residuals of ei-
ther the uncalibrated TLS measurements (top) and the cal-
ibrated ones (bottom) are shown. The used calibration
strategy will be introduced in the following.

Existing strategies for self-calibrating laser scanners
are all based on using a calibration field consisting of sev-
eral targets or planes scanned from different stations. By
parameterizing these substitute objects, the parameter de-
viations that are revealed by spatial coordinate transfor-
mations can directly be related to the TLS specific system-
atic errors [2, 3, 7, 8, 23, 27, 32]. Crucial are an appropriate
laser scanner construction model for parameterizing the
calibration parameters and a calibration field enabling an
accurate and reliable parameter estimation [24-26].

In [13], a new strategy for self-calibration of a TLS is
proposed. It considers scanning one single object uniquely
where the deviations to an approximated surface are di-
rectly used for estimating the calibration parameters. This
object should be very large since it needs to cover nearly
the whole panoramic scan. Thus, the calibration field sim-
ply consists of one single object sampled by a very large
number of points.

This calibration has been evaluated using the present
application of approximating the Effelsberg radio tele-
scope [13]. As a result, the calibrated TLS observations are
free of systematic errors. Therefore, the following calibra-
tion parameters that are mostly also used in [37, 38] are
considered:

— 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
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- &1, &,2: eccentricities of horizontal graduated circle, Residuals [mm] (75 deg)
i.e., deviation between geometrical mean of horizon-
tal graduated circle and vertical axis

— €, eccentricity of vertical graduated circle, i.e., devi-
ation between geometrical mean of vertical graduated
circle and trunnion axis

- e,: vertical eccentricity of collimation axis, i.e., ver-
tical distance between collimation axis and trunnion
axis

These parameters are integrated in the adjustment by ex-
panding the functional model by

B =+ arccos (cosi - cosc - cos f; - sini - sinc)

. e
+h+ep; - cos B +arcsin S—z (6)
)]
- cosi-tanc = sini
tj = t; + arctan - +
sin f; tan f3;
+ &1 - sintj + &, - cost; @)

so that Bi and f; - representing the angles free of system-
atic errors — are integrated in eq. (4) instead of solely S;
and ¢;. Consequently, the vector of parameters p parame- Residuals [mm] (75 deg)
terizing the main reflector needs to be enlarged by the cal- -5
ibration parameters

p = [XV) YV; ZV, (Px, (Py,f, c, i; h) S[,l; 8[,2) £ﬁ,17 eZ] ! . (8) 30F

Further parameters, e.g., a zero error of the distance
unit, are not predictable based on the given network con-
figuration [13]. Thus, this calibration model only considers 10(/
systematic errors due to the beam divergence. '

These calibration parameters are estimated at each el- 5 0
evation angle separately. Otherwise, the results would not _107""‘
be free of systematic errors. This leads to calibration pa-
rameters for the Leica Scan Station P20 that are not con- —20-
stant and, thus, not physically interpretable. The param-
eters themselves are not of interest here but the results -30¢
show that after calibration, the systematic errors are in-
deed eliminated. A deeper explanation and evaluation of _4910 220 0 20 40

this dynamic calibration is given in [13]. X [m]

Figure 8 shows the results of the approximation before Fig. 8. Post-fit residuals of the approximation at an elevation angle
(top) and after calibration (bottom) of the point cloud at 475 deg shown in object coordinate system [X, Y, Z]; TLS x-axis,
an elevation angle of 75 deg. Clearly, the systematic de- (lined), y-axis (dashed) and station (cross); before calibration (top)
viations that are symmetric to the TLS x- and y-axis are and after calibration (bottom).
eliminated. The remaining effects on the surface are inter-
preted together with the results corresponding to the other
elevation angles at the end of this study. At this point, an
evaluation of the calibration regarding the noise reduction
will also be given.
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5 Final deformation analysis

After performing the three steps of preprocessing, the final
results can be analyzed for deformations. As already stated
in the previous sections, the effects of interest are: the fo-
cal length variation — indicating the global deformation —
and the post-fit residuals of the adjustment — indicating
local deformations and the TLS precision. Both types of
deformations are analyzed in the following. Supplemen-
tal results of the parameter estimation are afterwards also
shortly examined.

5.1 Focal length variations: global
deformation

The varying focal lengths are depicted in Figure 9 and in
Table 1. Figure 9 displays the final results together with the
results that would occur without calibrating the TLS. Fur-
thermore, the results of the measurements performed in
2010 are shown.

The benefit of calibrating the TLS is clearly visible. The
extreme variations of the focal length vanish after calibra-
tion — their prior opposite peaks resulted from the scan-
ning process itself: the TLS horizontally rotates 180 deg
for each scan. Thus, its systematic errors act opposition-
ally in consecutive elevation angles leading to the cali-
brated estimates being much smoother and more plausi-
ble. This effect is only small at high elevation angles since
the systematic errors impact the estimation rather sym-
metrically at these geometries (see also Figure 3) so that
the effects are balanced.

Comparing the results to the focal length estimates of
the measurements performed in the year 2010 [11, 15, 31],
significant differences occur: the variation of the focal
length is smaller and it follows a linear trend instead of the
quadratic one of the improved estimation. However, with
a better measurement setup and improved analysis tools,
we were able to detect the deficits of the 2010 project: (1) a
Leica HDS 6100 TLS had been used leading to significantly
noisier measurements. (2) The TLS had been mounted
rigidly to the subreflector. Thus, the complete TLS had ro-
tated vertically so that gravitational forces acted on its ser-
vomotors actuating the rotation around the scanner’s ver-
tical axis. Since these gravitational forces do not act in the
direction of the scanners’ vertical axis due to its vertical ro-
tation, they are not considered by the manufacturers dur-
ing construction. Hence, they may have produced further
systematic effects leading to systematic measurement er-
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Fig. 9. Estimated focal lengths based on the preprocessed point
clouds of the measurements performed in the year 2010 (gray
dashed) and in the year 2013 with uncalibrated TLS (gray lined)
and dynamically calibrated TLS (black, final estimate of the focal
length).

rors. This situation can also be seen at the focal length es-
timation of 7.5 deg showing inexplicable deviations.

Thus, the new results are considered to be more reli-
able. Here, the focal 1ength]Ar decreases quadratically by
22.7 mm when tilting the radio telescope from 90 deg ele-
vation angle to 7.5 deg. The corresponding standard devi-
ations oy are in the range of 0.03-0.09 mm (Table 1). How-
ever, this magnitude is too optimistic due to the neglection
of correlations in the stochastic model (eq. 5). For a realis-
tic magnitude, the number of effective measurements con-
sidering correlations would have to be estimated [18]. This
number would be significantly smaller than the number
of actual observations similar to the situation at, e.g., GPS
observations [17].

5.2 Post-fit residuals: local deformations
and TLS precision

The post-fit residuals W consist of two parts: the first one
describes the random errors resulting from the precision of
the measurements, i.e., the random TLS errors with zero
mean. The second part describes true local deformations
of the main reflector, indicated by a regional shift from zero
mean. The respective paraboloid zones could have already
been guessed from Figure 8 (bottom) where some parts
seem to deviate from zero significantly. A third part, i.e.,
remaining systematic errors of the TLS, is not assumed to
be integrated in the post-fit residuals due to the calibra-
tion.
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Table 1. Estimated focal lengthsf, the corresponding standard deviations &y and the resulting focal length variations Af.

value 90 deg 75 deg 60 deg 45 deg 30deg 15 deg 7.5deg
fiml 29.9930 29.9916 29.9890 29.9859 29.9796 29.9754 29.9704
&r [mm] 0.03 0.04 0.06 0.06 0.09 0.06 0.08
Af[mm] 1.4 -4.0 -7.1 -13.4 -17.6 -22.7
Mean Residuals of Panels [mm)] (75 deg) less than + 2 mm. This statement also holds for the other
‘5_ 0 _5 six elevation angles; their results are shown in Figure 11.
40 \ : Analyzing the residuals of less than + 2 mm, super-
posed area-based systematics seem to evolve: at the eleva-
307 b tion angles of 90 — 60 deg, deformed parts exist directly
20 over and under the reflector’s vertex. They decrease pro-
N o~ portionally to the elevation angle. Furthermore, from di-
10+ rectly under the vertex in down direction, we can iden-
. tify panels with constant negative deviations throughout
R L ] all elevation angles. As already stated in Section 4.1 (Data
> . . .
Reduction), all of these deviations necessitate the data re-
107 duction.
o0 Since all of these effects are symmetric to the tilting
. axis of the radio telescope defined as the X-axis in Fig-
-30 s % ure 11, they can be assumed to represent true local defor-
G mations that are due to gravity. In general, it can be stated
“1910 20 (‘)‘é . 20 20 that the area-based deformations appear to be smallest
X [m] for the 30 deg and 45 deg elevation angles. This matches

Fig. 10. Mean post-fit residuals of each panel after dynamic calibra-
tion of 75 deg elevation angle shown in object coordinate system
[X, Y, Z] where the X-axis equals the tilting axis of the telescope;
negative residuals are under/outside the reflector, positive residu-
als are above/inside the main reflector.

5.2.1 Local deformations

For analyzing the local deformations, a deeper knowledge
of the main reflector’s construction is helpful: since the po-
sition of each panel and also the sampling points for each
panel are known, the mean post-fit residual of each panel
can be calculated. This averaging of all residuals of each
individual panel produces the mean shift of each panel.
The random errors are filtered out.

Figure 10 shows the results of this procedure for the
75 deg elevation angle. The benefit of averaging each
panel for interpretation is directly visible. Here, individ-
ual panels are discernable because all sampling points of a
panel are illustrated in the color of its mean residual value.
Six panels significantly deviate by approx. 5 mm from the
best-fit paraboloid surface. Four of them had been mis-
aligned on purpose for the control of a holography. The two
behind the right-hand quadruped leg are obviously also
misaligned — but unintendedly. All other panels deviate by

quite well the background information that the telescope
surface was adjusted following holography measurements
at 32 deg elevation [16].

5.2.2 TLS precision of distance measurements

The TLS precision can be assessed when calculating the
standard deviation &, of the post-fit residuals. As these
post-fit residuals approximately point into line-of-sight of
the TLS, the precision mainly depends on the quality of
the distance measurements. This transfer is valid since the
construction of the panels can be assumed to be more pre-
cise than the measurements: the accuracy of an individual
panel is claimed to be 0.3 - 0.5 mm [28].

These standard deviations are listed in Table 2 for the
approximations before and after calibration. The ones be-
fore calibration are just given for evaluating the improve-
ment of the adjustment by calibration. They range from
1.5 - 2.1 mm. The standard deviation after calibration is
1.3 mm with no significant variations over the full range
of elevations angles. The results at 90 deg and 75 deg el-
evation angle are slightly worse due to the surface defor-
mations revealed before.
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Fig. 11. Mean post-fit residuals of each panel after dynamic calibration of all seven elevation angles shown in object coordinate system
[X, Y, Z] where the X-axis equals the tilting axis of the telescope; negative residuals are under/outside the reflector, positive residuals are
above/inside the main reflector.
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Table 2. Estimated standard deviation 6y, of the post-fit residuals W before and after calibration of the measurements.

value 90 deg 75 deg 60 deg 45 deg 30deg 15deg 7.5deg
Ow [mm] (prior calibration) 1.45 1.60 1.56 1.47 2.05 1.88 1.83
0w [mm] (dynamic calibration) 1.35 1.32 1.28 1.27 1.29 1.31 1.30

The standard deviation of 1.3 mm can be regarded as
the true level of noise of the distance measurements of the
Leica Scan Station P20. This magnitude is comparable to
the accuracy of 05 = 1.6 — 1.8 mm at distances of s = 30 —
40 m assumed in the stochastic model (eq. 5). This is also
an indicator for the consistency of the approximation.

5.3 Supplemental results of the parameter
estimation

Besides the focal length variations and the post-fit resid-
uals, the parameter estimation yields to several other re-
sults. These concern the estimates of the five transforma-
tion parameters [Xy, Yy, Zy, @x, @y]", the ones of the seven
calibration parameters [c, i, h, &1, &2, £p,1, €z] T as well
as the correlations between the parameters. All aspects are
briefly addressed here.

The transformation parameters indicating the spatial
transformation between TLS station and main reflector fol-
low a systematic trend between the different elevation an-
gles of the telescope. Since the TLS is not levelled and
there is no absolute external link between both coordinate
systems, these transformations are only relative and do
not represent the absolute movement of the telescope. The
geodetic datum is not fixed between the different elevation
angles.

The estimates of the calibration parameters are not
discussed here. In [13], a detailed derivation of the here
used dynamic calibration is given. There, the combination
of the used calibration parameters and their estimates are
investigated in view of stability, correlation and the gen-
eral network configuration.

Between several parameters, non-negligible correla-
tions exist. Their magnitude depends on the elevation an-
gle of the telescope in most cases. This statement holds
for the correlations within the three groups of parameters
(form, transformation and calibration parameters) as well
as between them. For deeper statements, see [13].

6 Conclusion and outlook

The present study yields an improved deformation analy-
sis of the main reflector of the Effelsberg radio telescope.
The processing rests upon integrating model knowledge
into the analysis by parameterizing the main reflector as a
rotational paraboloid. This enables detecting a global de-
formation of the main reflector by a decrease of its focal
length of 22.7 mm. Additionally, local deformations are re-
vealed on its surface by misaligned surface panels and sec-
tions of systematic deviations. Both results will help to sig-
nificantly improve the baseline estimation in VLBI where
the signal path of the received signal directly depends on
the focal length and the surface precision of the main re-
flector.

Apart from these application-specific results, the strat-
egy for deformation analysis is explained in detail focused
on an improved measurement concept and three steps of
preprocessing including data reduction, object segmenta-
tion and TLS self-calibration. It is highlighted that without
the implementation of these steps, the deformation anal-
ysis could not have been performed reliably — and espe-
cially not with this significance. While the step of object
segmentation seems to be trivial, the need for an appropri-
ate data reduction and TLS calibration has not been con-
sidered in the literature until recently.

Thus, the improved deformation analysis presented
here can be regarded as a result of steady enhancement
of applying laser scanner measurements to surface analy-
sis. Transferring the proposed steps of measurement and
data processing to other applications and studies would,
hence, benefit the general ability of using laser scan-
ner measurements for area-based deformation analyses or
general surface investigations where high accuracy is of
interest.
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