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Abstract

Robotic Total Stations (RTS) allow the measurement of 3D positions of kinematic targets with high accuracy. They find wide
applications for geo-referencing multisensor systems, but little focus has been put on the geo-referencing of Unmanned Aerial

Systems (UAS) with RTS.

In this study, we geo-reference an Unmanned Laser Scanning (ULS) point cloud using an RTS and an Inertial Measurement Unit
(IMU) without using GNSS positions. We thoroughly investigate the UAS trajectory measured by an RTS, using photogrammetric
reference positions and a redundant trajectory from a second RTS. In addition, we evaluate the generated ULS point cloud against
a reference point cloud acquired by Terrestrial Laser Scanning (TLS).

For our field test, we find that the UAS trajectory shows an average 3D difference of less than 13 mm compared to our reference
data sets. The generated point cloud has an average absolute 3D normal distance of 9 mm to our TLS reference.

1. Introduction

Efforts to improve the accuracy of mobile mapping systems
span a wide range of application fields, from agriculture (Para-
foros et al., 2017) to robotics (Vaidis et al., 2023). Among the
most prominent mobile mapping systems are Unmanned Aerial
Systems (UAS). Consequently, the search for highly accurate
UAS is of great importance. One of the major sources of uncer-
tainty in the generation of 3D data with UAS is the trajectory.
The introduction of alternative positioning sensors to GNSS al-
lows the improvement of the trajectory accuracy and thus of the
acquired 3D data. In addition, this enables Unmanned Laser
Scanning (ULS) surveys in GNSS-denied areas. One alternative
positioning sensor is a Robotic Total Station (RTS), a geodetic
measurement instrument relying on a line-of-sight to measure
distance and angles to obtain 3D coordinates of the target. RTS
operate at the lower millimetre accuracy for static applications
with distances below 100 m and promise only slightly reduced
accuracy for dynamic scenarios at distances of several hundred
metres (Zogg and Maar, 2020; Grimm et al., 2015). Therefore,
the introduction of RTS as an alternative, more accurate posi-
tioning sensor to GNSS for UAS geo-referencing can increase
the accuracy of the UAS trajectory and, consequently, the ac-
curacy of the collected geo-data.

In this study, we do not only show the calculation of a geo-
referenced point cloud generated on a trajectory obtained from
fusion of RTS and Inertial Measurement Unit (IMU) meas-
urements but also focus on potential ways to evaluate such
highly accurate trajectories. The high expected accuracy of
an RTS-based trajectory makes the absolute evaluation challen-
ging since no acquisition technique with superior accuracy is
available. We use three independent approaches to evaluate the
UAS trajectory measured by RTS (see Figure 1): (I) a camera
mounted on the UAS captures images of a dense reference field
in the flight area to allow the reconstruction of the camera posi-
tion using photogrammetric resection, (II) a second RTS is used
to gather redundant measurements of the UAS position, thus
measuring an independent 3D trajectory of the same target, and
(IIT) an additional data set uses the point cloud calculated using

the RTS/IMU-integrated trajectory and the ULS measurements
and compares it with a reference point cloud obtained from ter-
restrial laser scanning (TLS). Consequently, our work aims to
evaluate the results on the level of both the trajectory and the
point cloud. Evaluation of the contribution of the individual
system components is not within the scope of this paper.

This contribution starts with the presentation of relevant work in
the field of RTS-based trajectory determination for UAS map-
ping (Section 2). After that, Section 3 describes the multisensor
system used in our work, the study area and the three reference
data sets on which we evaluate the observed UAS data. In Sec-
tion 4 the results of the comparison and analysis of the data sets
are shown followed by a discussion.

2. Related Work

The generation of a 3D point cloud of the environment with
a multisensor system can be divided into two major steps.
The first step is the estimation of the platform trajectory,
traditionally achieved by fusing data from GNSS and IMU
sensors (Pfeifer et al., 2012). The second step is the direct
geo-referencing of the acquired images and/or laser data. Re-
garding trajectory estimation, modern RTS offer an alternative
solution to geo-reference data from mobile mapping systems.
Many studies use RTS to determine the trajectory of kinematic
platforms. Kilin et al. (2022); Kerekes and Schwieger (2018);
Thalmann and Neuner (2021); Tombrink et al. (2023) use RTS
for time-synchronized measurements that allow the generation
of highly accurate trajectory information. In Dammert et al.
(2024) the uncertainty of UAS trajectories measured by RTS
is investigated based on a Monte-Carlo simulation, building
the preparatory work for this practical evaluation. Roberts and
Boorer (2016) perform a field experiment using an older RTS
model to measure UAS trajectories. However, their uncertainty
evaluation lacks adequate data for comparison, the considera-
tion of the lever arm between the camera mounted on the UAS
and the measured prism, and an accurate time synchroniza-
tion approach, leading to a concluded uncertainty of the RTS
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Figure 1. Concept of the decentralized sensor system and processing pipeline for data sets I, II and III. The grey box marks the ground
segment, while the other sensors are mounted on the UAS.

measurement of about 20 cm. All these shortcomings are ad-
dressed in our contribution, while also using state-of-the-art in-
struments.

While traditional sensor fusion for UAS positioning combines
GNSS and IMU data, RTS and IMU data can be integrated in
a similar manner. Recent work on sensor fusion has focused
on adjustment-based approaches. The adjustment-based frame-
work for integration of GNSS, IMU and optionally LiDAR data
developed in Poppl et al. (2024) can be easily adapted to in-
tegrate RTS and IMU data in a loosely-coupled approach, re-
placing the GNSS data with RTS measurements. Thalmann
and Neuner (2024) present a tightly-coupled Extended Kalman
Filter, designed to use raw distance and angle measurements
of RTS together with IMU data. This approach leverages the
raw measurements of RTS and thus allows for a most complete
stochastic model. Additionally, their approach is robust against
outliers in the RTS polar observations.

For the application of a photogrammetric multisensor system
Kersten and Lindstaedt (2022) describe the benefit of an accur-
ate trajectory on the direct geo-referencing of aerial imagery
data. In their study, the use of RTK-GNSS trajectories allows
for the reduction of ground control points down to five points,
due to the accurate initial trajectory estimate. Additionally, the
bundle block adjustment (BBA) is significantly stabilized by the
accurate trajectory leading to a better estimation of the camera’s
interior orientation. In the context of airborne LiDAR meas-
urements, direct geo-referencing is the central step to get from
the trajectory and laser scanner measurements to a 3D point
cloud (Pfeifer et al., 2012). The position of the laser scanner
serves as translational input in the equation, meaning that er-
rors in the trajectory position appear in the same magnitude in
the geo-referenced point cloud. Consequently, a more accurate
trajectory leads to a more accurate point cloud, emphasizing

the potential of new, more accurate methods to determine the
trajectory of LiDAR platforms.

3. Materials and Methods

The data set investigated in our study was acquired in Sie-
gendorf, Austria in May 2024 at our dedicated UAS reference
field. The measurement campaign lasted a whole day with tem-
peratures ranging from 20°C to 28°C and mostly strong sun-
shine. During the measurements, the temperature profile was
repeatedly measured to correct the RTS measurements for at-
mospheric refraction effects. Within our measurement cam-
paign, several combinations of distance between RTS and UAS,
flying height and speed have been tested, but in this study, we
focus on a flight that was performed at 100 m height with a
speed of 3ms™".

The combination of an RTS with an IMU and mapping sensors
onboard an airborne platform forms a decentralized multisensor
system as the RTS (ground segment), and the UAS (kinematic
segment) are spatially separated. Apart from the geometric
transformation between the ground segment and measurements
performed by the airborne, kinematic segment, time synchron-
ization is a crucial factor.

The subsystems used in this study and our concept for syn-
chronizing, processing and evaluating the data are shown in
Figure 1. The data used are aggregated into three data sets
(I, II and III) which are further described in Sections 3.4 -
3.6. Our work builds on the findings of Thalmann and Neu-
ner (2021) to allow precise time synchronization between both
segments using the PPS (pulse per second) information of the
received GNSS signal. The two RTS are positioned approxim-
ately 300 m (horizontal distance) away from the centre of the
flight path (Figure 3).
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3.1 Robotic total station

To allow the time-synchronized data acquisition with an RTS,
the RTS measurements are managed using an external control-
ler. In our study, a Leica MS60 was used, which allows the
execution of continuous measurements based on the GeoCom
interface. These measurements are requested and recorded by
a Raspberry Pi 4 which simultaneously logs time information
in the form of NMEA (National Maritime Electronics Associ-
ation) and PPS signals from a connected uBlox LEA-6T GNSS
receiver. The Leica MS60 can determine the position of the
UAS with a measurement frequency of about 20 Hz, allowing
for a dense trajectory observation. The necessary reflector, in-
stalled on the kinematic segment, is a Leica GRZ-122 360°
prism (Figure 2). This enables the tracking and measurement
of the UAS independent of its orientation. The cyclic errors of
< 3mm caused by this reflector (Lackner and Lienhart, 2016),
are neglected for this study.

3.2 UAS

The UAS utilized for this study is based on a Hammer X8B
heavy-lift RTF drone, customized by the companies Kopter-
worx and Skyability. This large platform enables the mount-
ing of several measurement sensors and thus allows to capture
a comprehensive data set. For our measurements, the UAS was
equipped with the following measurement sensors:

e aLeica GRZ-122 360° prism as target for both RTS

e a RIEGL VUX-SYS airborne laser scanner with an Ap-
planix AP-20 IMU

e a Sony Alpha 7R II camera

The sensors were mounted rigidly (see Figure 2) to allow the ac-
curate transformation between the different data sets. The lever
arms and misalignment angles within the rigid sensor mounting
were determined by industrial surveying methods (laser tracker
and connected laser scanner) in combination with our 3D cam-
era calibration field.

Figure 2. Rigid mounting of a) 360° prism, b) RIEGL VUX-SYS
including Applanix AP-20 and c) Sony Alpha 7R II on our UAS

3.3 Study area

Our study area in Siegendorf, Austria, consists of two ortho-
gonal arms each with a length of 600 m, along which the RTS
can be set up. On the intersection of those arms, the control
point area is situated. There, a dense reference field was set
up for the evaluation of the measured UAS trajectory based on
photogrammetric data. The complete area with RTS positions,
UAS trajectory and photogrammetric control points can be seen
in Figure 3.

The control point area is approximately 120 m x 120 m and has
about 100 re-mountable photogrammetric targets that can be
used for a resection of the camera position. The 3D coordin-
ates of all targets have been determined using static total station
measurements, leading to a point uncertainty of < 3mm. To
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Figure 3. Study area with trajectory (black), RTS positions (red
crosses) and distributed photogrammetric targets (orange).
Flight strips used in Section 4.3 and their directions are denoted
by letters A-D with the direction going from subscript 1 to 2.

also leverage the data acquired by the ULS, a reference point
cloud of the central area was acquired using a Riegl VZ-4001
terrestrial laser scanner. This point cloud has an RMSE of
< 5mm, assessed via checkpoints measured with a total sta-
tion.

Both, the point cloud and the photogrammetric targets are con-
nected to the RTS positions by geodetic network measurements.
This guarantees an accurate coordinate frame in the study area
and thus a reliable combination of RTS, camera, ULS and TLS
measurements.

3.4 Bundle block adjustment of airborne imagery

The Sony Alpha 7R II mounted on the UAS captured 189
timestamped images along the trajectory, which forms a cross-
flight pattern. For this data set, all images were captured at a
height of 100 m above ground, resulting in a Ground Sampling
Distance (GSD) of 18 mm. The images are processed using
Agisoft Metashape, where 10 reference points were manually
picked in all images and selected as control points to accur-
ately geo-reference the bundle block. These points are evenly
distributed over the study area and exhibit different elevations,
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as half of these points are installed on buildings. Using the
common time system of the image timestamps and the traject-
ory measured by the RTS, the trajectory is linearly interpolated
on the camera timestamps. For the orientation of the images
in the processing software, the RTS-derived UAS positions are
then introduced as initial camera locations, establishing a work-
flow fully independent of GNSS positions. Within the bundle
block adjustment, a camera position is then estimated for each
image. Allowing the comparison of the estimated camera po-
sitions to the positions measured by the RTS, after consider-
ing the lever arm components. The comparison with the post-
processed GNSS positions is performed in an identical manner,
giving additionally the differences to the GNSS positions. This
image-based data set is henceforth referred to as data set I.

3.5 Redundant trajectory of two RTS

RTS are one of the most accurate ways to determine the posi-
tion of objects in outdoor environments. Therefore, the evalu-
ation of RTS measurements by another sensor of higher quality
in long-range, outdoor scenarios is challenging. Typical refer-
ence sensors, such as laser trackers (Vogel et al., 2023), optical
tracking systems (Kdlin et al., 2023) or robotic arms (Thalmann
and Neuner, 2021), can not operate at the distances required
for UAS tracking. A feasible solution is therefore the redund-
ant measurement of the trajectory with a second RTS. In our
work, we use the trajectory measured by a second RTS to eval-
uate the trajectory measurements of our first RTS. To compare
both trajectories, the measurements of the second RTS are lin-
early interpolated onto the measurement timestamps of the first
RTS. Due to the high measurement frequency of 20 Hz and a
threshold of 100 ms above which potential data gaps are not
filled by interpolation, the additional uncertainty introduced by
interpolation is neglected in our study. While the same meas-
urement principle is used, the RTS operate independently from
another, enabling a redundant measurement of the trajectory.
This independent measurement gives us an insight into the qual-
ity of the realization of the time base of the decentralized sys-
tem components and the kinematic positioning. The redundant
trajectory determination by two RTS forms our second data set

.
3.6 Evaluation of directly geo-referenced point clouds

Another approach to evaluate the quality of the proposed
method is the comparison of the resulting point cloud with a
TLS reference point cloud. The point cloud to be evaluated is
generated by direct geo-referencing of the ULS measurements
using the RTS/IMU-integrated trajectory. This allows an in-
dependent assessment of the whole multisensor system. The
identification of individual error contributions from the ULS,
IMU, RTS and TLS however, is not possible. Consequently,
this data set evaluates the quality of the obtained point cloud.
Since the uncertainty of both the point cloud and the trajectory
are of interest, this assessment of the absolute uncertainty of the
acquired point cloud is of great value.

The RTS/IMU integration employed in this work is performed
using a variation of the loosely-coupled adjustment algorithm
described in Poppl et al. (2024). The main difference is the
replacement of GNSS position measurements with the RTS po-
sition measurements, with the covariance of the latter propag-
ated from the underlying polar measurements. In this analysis,
LiDAR correspondences are not used in order to focus solely
on the RTS/IMU contribution to the point cloud. While the time

delay between RTS and IMU is largely corrected using the cal-
ibration procedure of Thalmann and Neuner (2021), a remain-
ing constant latency is empirically estimated and applied prior
to the RTS/IMU adjustment. The rationale for this approach
is based on recent findings that the RTS exhibits an additional
latency for outdoor scenarios, which we are not yet able to cal-
ibrate in our laboratory setup. Therefore, accounting for this
by estimating a residual latency is a feasible solution. After
the estimation of the RTS/IMU-integrated trajectory, the ULS
data are directly geo-referenced. The resulting point cloud is
then separated into individual strips and evaluated with refer-
ence to the TLS point cloud using normal distances derived by
the M3C2 algorithm (Lague et al., 2013). For our evaluation,
the absolute values of the normal distances are considered. Sim-
ilar to data set I, an identical workflow is performed for the
GNSS/IMU trajectory, allowing some context for the shown
results. The results of the M3C2 comparisons for four flight
strips (see Figure 3) build our third data set III.

4. Results and discussion

In the following part, the results of the data sets that were ac-
quired during our measurement campaign and processed ac-
cording to Section 3 are presented.

4.1 Trajectory differences to estimated camera positions
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Figure 4. Residuals of trajectory measured by RTS #1 after
bundle-block adjustment of 189 images

Figure 4 and Figure 5 show the residuals of the estimated cam-
era positions with reference to the RTS-measured positions.
The latter are used as input in the BBA. The BBA uses 10
ground control points (GCP), which have a stated 3D error of <
5mm after the BBA. This is significantly lower than the GSD
of the used camera and only slightly higher than the standard
deviation of our reference coordinates (< 3 mm). The 3D resid-
uals of the camera positions (Figure 4 and Figure 5), range from
3mm to 33 mm with a mean value of 13 mm and an RMSE of
6 mm. The decomposition of the residuals into their compon-
ents shows that the dominant influence is along the horizontal
plane with a mean error of 11 mm and an RMSE of 6 mm. The
workflow described in Section 3.4 is also performed using the
GNSS trajectory, to allow the interpretation of the RTS resid-
uals relative to the GNSS residuals. The histograms of the 3D
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Figure 5. Residuals of trajectory measured by RTS #1 (blue) and
GNSS (orange) after bundle-block adjustment of 189 images

residuals are shown in Figure 5. The plot reveals that the resid-
uals of the camera positions measured by GNSS show a higher
mean value of 27 mm and a larger spread with an RMSE of
14 mm than the evaluation against the RTS positions.

4.2 Comparison of redundant RTS trajectories
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Figure 6. 3D Differences between trajectories measured by RTS
#1 and RTS #2

Figure 6 shows the 3D differences between the trajectory de-
rived from RTS #1 and RTS #2, respectively.

The differences range up to 23 mm with 90% of the values
smaller than 17 mm. The mean difference is 11 mm with an
RMSE of 4 mm. However, the spatial distribution of the differ-
ences is not homogeneous and the southeast parts of the traject-
ory, which are most distant from both RTS, show the highest
values. Additionally, the turning parts of the trajectory exhibit
higher values in general but in particular extremely high values
for short periods of time.

4.3 Strip-wise distances to reference point cloud

In this evaluation, we compare the point clouds of individual
flight strips, directly geo-referenced with the trajectories from

either RTS/IMU or GNSS/IMU, to our TLS reference point
cloud. Due to the large influence of the high-end IMU data in
the sensor integration, the RTS/IMU and GNSS/IMU integrated
trajectories differ only by a maximum value of 15 mm, with a
mean difference of about 7mm. For the point cloud compar-
ison, we only consider open, non-vegetated areas. Figure 7
shows the point cloud and its absolute M3C2 differences ob-
tained from RTS/IMU for strip A. The resulting distributions of
the absolute normal distances from the M3C2 comparison are
shown in Figure 8 for four separate flight strips (A to D), the
positions of these strips are shown in Figure 3. The violin plots
also show the calculated quartiles of the distributions (dashed
lines).

For strips A and B, the GNSS-derived point clouds are signi-
ficantly worse than the RTS-derived point clouds. The large
deviations show an overall poorer performance for the GNSS-
derived point cloud. The absolute M3C2 distances based on
the RTS-derived point cloud show an expected distribution. For
strip C the results of GNSS and RTS are quite similar, show-
ing a significantly better result of the GNSS data. There, the
GNSS slightly outperforms the RTS solution. However, strip
D shows again the large fluctuation of the GNSS-derived point
clouds as the result is again worse than the RTS solution. The
shape of the distribution for strips C and D for the GNSS is
much closer to the ideal distribution than for strips A and B.
However, the RTS shows closeness to the expected distribution
for all strips and exhibits consistently low values for the normal
distance. In summary, the mean value for GNSS ranges from
8 mm to 21 mm, with a maximum 90th-percentile of 45 mm.
For the RTS-derived point clouds, the corresponding values are
all smaller with mean deviations in the range of 8-10 mm and
maximum 90th-percentile of 19 mm.

4.4 Discussion

The results shown in Sections 4.1 and 4.2 show similar differ-
ences towards the trajectory determined using RTS (see also
Table 1). The differences of data set I (Section 4.1) to the GNSS
positions are considerably larger than to the RTS positions. The
comparison of both trajectories to the camera positions estim-
ated by BBA (data set I) shows large differences between RTS
and GNSS. The mean value as well as the RMSE of the RTS-
determined camera positions show a much better performance
than the GNSS-determined camera positions. While the eval-
uation result includes the uncertainty of the photogrammetric
estimation of the camera poses, this uncertainty affects the RTS
and GNSS to a similar magnitude. The average difference and
the spread of the distribution obtained from RTS are better than
the GNSS metrics by a factor of two. In general, the differences
calculated for the GNSS lie in the expected uncertainty range of
a few centimetres for post-processed GNSS trajectories.

For data set II, the differences between the trajectories meas-
ured by RTS #1 and RTS #2 show short-timed peaks which ap-
pear in particular in the turning parts of the trajectory. These
peaks originate in the partial obstruction of the line-of-sight
between RTS and the reflector due to the landing gear of the
UAS. Although the effect of this obstruction on the overall
trajectory is quite small, as it appears only in the turns and
there only for short periods, we will improve the setup accord-
ingly. Data set II also shows an increasing difference between
both trajectories for increasing distances between the UAS and
the RTS (southeast area). Since many uncertainties of RTS
measurements (angle measurement uncertainties, atmospheric
effects, etc.) increase with higher distances, this effect is ex-
pected. In general, the discrepancies of the redundant traject-
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Figure 7. Point cloud of the study area, filtered for non-vegetated areas, calculated using RTS/IMU integration for strip A. The

colourization is according to the absolute normal distances to the TLS point cloud

Data set | Sensor Vertical Horizontal 3D
Mean Difference | RMSE | Mean Difference | RMSE | Mean Difference | RMSE
I RTS 5 mm 4 mm 11 mm 6 mm 13 mm 6 mm
I GNSS 13 mm 9 mm 21 mm 14 mm 27 mm 14 mm
I | RTS 7 mm | 4mm 8 mm | 4mm 11 mm | 4mm
I RTS - - - - 9 mm 8 mm
11 GNSS - - - - 14 mm 12 mm

Table 1. Evaluation of data sets I and II split into vertical and horizontal components of the differences, data set Il shows only the

absolute normal distances

ory determination by a second RTS show similar deviations
as the comparison to the photogrammetric estimation of cam-
era poses. Both show mean differences of 11 mm and 13 mm
(Table 1) respectively. The high agreement of data sets I and
II confirms that the uncertainty of the trajectory measured by
RTS is even lower than the reported difference values, as the
differences are a result of the uncertainty of the RTS and the
compared sensor. However, quantifying the exact contribution
of each sensor in this difference is beyond the scope of this pa-
per.

The differences reported in Section 4.3 reach comparable mag-
nitudes for the point cloud differences as for the trajectory com-
parisons of Sections 4.1- 4.2 . While the point cloud differences
include additional error sources compared to the RTS traject-
ory, which would increase the exhibited uncertainties, the in-
tegration of the IMU data can also improve the trajectory. In
our fieldwork, a high-accuracy IMU was used which, in com-
bination with the rather short flight times, leads to an improve-
ment of the RTS trajectory due to the fusion of the sensors.
Consequently, the point cloud differences do not exhibit much
larger deviations from our reference data than the trajectory-
based evaluations. In general, this fact hinders a pure compar-
ison between the point clouds generated using either RTS or

GNSS as positioning sensor, because the strong influence of the
IMU improves both trajectories. Due to the lower accuracy of
GNSS, the GNSS/IMU-integrated trajectory benefits more from
the accurate IMU measurements than the RTS/IMU-integrated
trajectory. The point cloud differences compared to the TLS
reference show that the point cloud determined using RTS/IMU
integration (i) is more consistent with our TLS reference for
the evaluated strips than the GNSS/IMU-based point cloud (ii).
Apart from the lower overall values, (i) exhibits consistent val-
ues for the mean differences and the 90th percentiles. For (ii),
the values of the 90th-percentiles vary in the range of several
centimetres. Even though for strip C, (ii) achieves an accuracy
similar to (i), the large variation of (ii) between the different
strips marks the good result of strip C an exception. Therefore,
(i) outperforms (ii) showing that RT'S/IMU-based point clouds
allow for more consistent and accurate results.

In general, data set I allows us to conclude that our RTS-
measured trajectory is about two times more consistent with our
reference than the GNSS-based trajectory determination. To-
gether with data set I, a statement can be made that the UAS
position determined by RTS #1 agrees to 13 mm (Photogram-
metry) and 11 mm (RTS #2), respectively, with our redundant
trajectory measurements. Data set III shows that the RTS/IMU
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Figure 8. Violin-Plots for each strip, showing the distribution of differences between GNSS/IMU-based point cloud and TLS (orange)
and RTS/IMU-based point cloud and TLS (blue). The dashed lines show the quartiles

integration for the generation of point clouds provides consist-
ent results with the TLS reference for all evaluated strips, while
the GNSS/IMU integration shows higher deviations for most
strips.

For this study, it is worth mentioning that the study area
provides optimal operation conditions for GNSS (flat, open-sky
environment). On the other hand, the summerly weather in-
creased turbulence in the lower atmosphere, decreasing the ac-
curacy of the RTS measurements. Considering this, the results
might vary for different operating conditions.

4.5 Outlook

In our ongoing work, we aim to further analyse the uncertainty
budget of RTS-determined trajectories and identify the main
components, using simulations and sensitivity analysis. We
also aim to put a special emphasis on how larger distances in-
fluence the measurement uncertainty and which constraints are
required to allow millimetre-level uncertainties. Additionally,
we develop a calibration model to minimize systematic errors
caused by the geometry of the used reflector for our application,
potentially allowing the improvement of the RT'S measurements
by several millimetres. For this, we will perform additional
field campaigns in our study area, and (step-by-step) improve
the performance of trajectory measurements with RTS.

5. Conclusion

In our study, we present an extensive field campaign aimed at
investigating the trajectory determination of UAS with robotic
total stations (RTS). Combined with IMU measurements, we
create a geo-referenced 3D point cloud using only RTS, IMU
and ULS data. Thus, we completely replace the GNSS posi-
tioning of the UAS. We present three different data sets suitable

for the evaluation. Data set I uses a photogrammetric sensor
and II a redundant trajectory determination by a second RTS
to evaluate the measured trajectory. The generated point cloud
is compared against a ground truth TLS reference point cloud
in data set III. Data sets I and III are also compared against
the GNSS observed trajectory to put the results for the RTS-
measured trajectory into a meaningful context.

For the RTS, the 3D trajectory discrepancies of data sets I and
II show, on average, values of 13 mm and 11 mm, respectively,
hinting at a trajectory uncertainty of the RTS measurements
smaller than this value. We reason this by the fact that the un-
certainty of the reference data sets smears the uncertainty of the
trajectory measured by the RTS. For data set I, GNSS shows a
mean discrepancy of 27 mm with a significantly larger spread
of the values. Therefore, the RTS achieves results about two
times more consistent with our photogrammetric reference than
the GNSS data. Using the RTS/IMU-integrated trajectory, data
set III exhibits a mean absolute M3C2 distance to our TLS ref-
erence data of 9 mm. The evaluation of data set III based on the
GNSS/IMU trajectory shows a mean value of 14 mm, which ac-
counts for an increase of 55% compared to the RTS/IMU-based
point cloud. Additionally, the individual strips evaluated in data
set I1I vary greatly for the GNSS evaluation, while the RTS eval-
uation shows consistent distributions with overall lower results
for the differences from the reference data set.

Overall, our work shows a successful pipeline to generate 3D
point clouds from trajectories determined using RTS and IMU.
The high accuracy of RT'S-measured trajectories is shown for all
three data sets, and the increased accuracy compared to GNSS-
measured trajectories is shown in data sets I and III. How-
ever, the presented method has certain constraints. The line
of sight between the RTS and UAS must remain unobstructed,
and the maximum distance between them should not exceed
500 m to ensure reliable and accurate measurements, as the un-
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certainty increases with greater distances. Thus, the RTS-based
trajectory acquisition is most suited for high-accuracy, small-
scale scenarios. Additionally, transforming the locally meas-
ured UAS trajectory into a global coordinate frame requires
supplementary measurements, such as GNSS observations.
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