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Introduction

With the RILA system, Fugro provides a solution for railway engineering and asset
management with unprecedented accuracy. Using the RILA system, data can be collected
without impeding regular railway operations and without any roadway workers in or near the
track. RILA data can be used for specific tasks such as track maintenance and gauging.

The RILA operation and delivery of data products started in 2009 in The Netherlands. Since
2013 the system is active in the United Kingdom, since 2015 in Denmark, since 2016 in the
United States of America, since 2018 in Germany and since 2019 in Belgium, Italy and
Sweden. Analytics on 3™ party data, for Sydney Trains in Australia, has been ongoing since
2019. Multiple other countries are lined up at the moment to undertake RILA surveys in the
near future.

There are three main characteristics of the RILA system which makes it different from other
existing rail measurement systems:

= The logistical solution: RILA uses all kinds of locomotives and passenger or freight trains
for data collection. The RILA v3.0 system can be mounted onto a coupler within 90
seconds. As a result, no possessions are required and train services will not be disrupted.
Furthermore, no people are required to work on or near the track, reducing safety risks
considerably;

m  Capturing data at line speed (up to 200 km/h) while maintaining the required accuracy
for railway asset management and railway engineering applications;

»  Cost affordable and safer solution compared to traditional terrestrial survey
methodologies, allowing modelling of a railway network to a very high level of accuracy
and detail. Within this '3D Digital Foundation’, many users will be able to extract their
required information without the need for a site visit, further improving the safety profile.
Our motto: ‘Survey once, use data many times'.

m  Faster survey implementation than traditional terrestrial surveys with less time needed
for data acquisition and with advanced processing of RILA data securing shorter data
deliveries which benefits essential railway maintenance and construction projects.

The unique Fugro RILA system is a survey concept that utilizes GNSS and IMU for positioning
and laser vision technologies, video camera and a 360-degree laser scanner for detailed data
collection. All sensors are combined in a train mounted lightweight carbon fibre unit.

Figure 1.1 shows the RILA v3.0 system and its components.
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RILA system components

GNSS Antenna

Foldable carbon fiber mast

360° Laserscanner

(2017)

3 Cameras 165° forward view

{2016)

Laservision for railprofiles

{original 2008/ upgrade 2016)

Figure 1.1: RILA v3.0 system and its components

Trafikverket

This report describes the data acquisition, data processing, data deliverables and quality

aspects of the delivered data for this project.
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1.1 Project Scope

In regard to the first RILA test project for Trafikverket in Sweden, the geographical scope of
the project consists of the route in Skane region described in Table 1.1.

Table 1.1: Project Scope

Start Mileage End Mileage
Location
Helsingborg - Teckomatorp 4 700 33 000
Section 1 5 200 6 700
Section 2 10 600 12 200
Section 3 13 700 16 500
Section 4 21 800 23 400
Section 5 27 000 28 000

Five sections of the track, which were surveyed, within the project scope, as described in
Table 1.1, are delivered to Trafikverket. Delivery of these tracks was therefore, dependent on
the data acquisition and coverage, as described in sections 1.2 and 0.
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Figure 1.2: Project Overview — Helsingborg - Teckomatorp in Skane region
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Data Acquisition

The data acquisition took place on Thursday 17" October 2019 in the morning and until
around noon, doing 4 runs with the RILA -system, was performed according to the work plan
of Travikverket. Table 1.2 provides an overview of the acquired RILA data for the Helsingborg
- Teckomatorp project.

Table 1.2: Overview Data Acquisition

Date Route(s) Start time End time Comment(s), if any
17-10-2019 Helsingborg — Teckomatorp 07:25 07:45 See 0
17-10-2019 Teckomatorp — Helsingborg 10:10 10:30 See 0
17-10-2019 Helsingborg — Teckomatorp 11:25 11:45 See 1.3
17-10-2019 Teckomatorp — Helsingborg 12:10 12:29 See 1.3

In order to acquire the data, the RILA v3.0 system was attached to one of Infranord'’s trains
which was operated by Infranord, see Figure 1.3.

Figure 1.3: RILA v3.0 attached to Infranord train
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Data Coverage

The track was surveyed according to the work plan and scope.

Table 1.3 provides an overview of all tracks within the project scope, as described in section
1.1, which have less than the required four passages, i.e. reduced coverage.

Table 1.3: Overview Reduced Coverage

Start Mileage End Mileage Number of

passages

none

So, all parts the single track between Helsingborg and Teckomatorp were fully covered by 4
runs — 2 runs up and 2 runs down.
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Project Execution

Planning

See Appendix A.

Coordinate Reference System

The GNSS data were acquired in ETRS89 reference system and the processing of trajectory
including correcting the GNSS with reference stations and blending GNSS with IMU data,
happened in ETRS89. Eventually, to proceed with the processing the data were transformed
on SWEREF 99, zone 13, with the horizontal project of Transverse Mercator transformation.
The applied parameters on this transformation are listed in table 2.1. The z-coordinates are
referenced to the RH2000 datum, using the SWEN17 geoid model. The combination of
SWEREF 99 — 13 30 and RH 2000 conform with epsg-number 5847.

Table 2.1: CRS Transformation Parameters

R TR
conimei [
on

Scale Factor ‘ 1.0

The data was processed using Fugro in-house developed software, hence the transformations
were also applied using our own software. Every new transformation that is added to our
software library, is thoroughly tested using reference data.

Requirements Data Quality

For the RILA track and point cloud data the required data accuracy is 10 mm horizontally and
15 mm vertically, both 10 in absolute accuracy, and 5 mm in relative accuracy. This data
accuracy is known as the Band1A norm from Network Rail in the UK. The accuracy is based
upon availability and quality of CORS network, GNSS coverage.

To achieve the Band 1A accuracy it is needed to measure the track four times. Less than four
time will be less accurate and more than four will not have a significant further impact on the
accuracy. The subsequent data processing will therefore be four times of the same track.
Then these four measurements are being merged to get the best estimate of track. In a
quality control process, if any measurement is deviating a lot and having big impact on the
quality, will be discarded. In the same way the point cloud date are being merged and being
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fit on the track data. This way we make sure that point cloud and track data have the
sufficient and same accuracy.

24 Analytics of data quality

For some areas of the pilot section Trafikverket could do some comparison on Fugro data
and traditionally measured data which had been measured earlier in 2019 by Metria on
behalf of Trafikverket. Traditional measurements mean measuring using GPS observations,
Total Station observations and levelling observations.

What could be concluded from the comparison of the two data sets was that horizontal
accuracies, with exception of km 12.0 — 13.0 showing some unexplainable findings, results
were very satisfactory and in accordance with the technical horizontal accuracy targets
defined for the project.

However, vertically a constant height difference, of approx. 25 mm in average, could be seen.
241 Horizontal differences

To compare the two data sets Trafikverket has provided its alignments of the Helsingborg —
Teckomatorp pilot area. Using the alignments makes it easy to compare the differences of
each individual data set to the alignment, so called slews, at those locations were the
computed differences are not the same further analysis should be done.

The graph below shows the differences of the data sets to the alignment.
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Figure 2.1: Differences between data set Trafikverket and Fugro to alignment km 24 - 28
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As can be seen the relative differences between the two data sets are small, up to approx. 10
mm which is, taking 10 mm as a 1 sigma standard deviation for horizontal accuracy of a RILA
acquisition on single track into account, within expectation.

Note the traditional survey which has been done on behalf of Trafikverket also has its
accuracy level. This accuracy level has been discussed based upon the report of this survey,
which is in fact too general to make any conclusions, yet.

In one section of the pilot the differences between RILA and the Trafikverket data set show
larger differences, the graph below shows the area between km12 and 13.
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Figure 2.2: Differences between data set Trafikverket and Fugro to alignment km 12 - 16

The differences as can be seen between km 12 and km 13 are bigger than on the other
sections, the reason for this difference has no direct initial explanation and would need to be
further investigated in order to find a reason. Trafikverket would potentially make a re-
measurement of the 12.0 — 13.0 area.

Vertical differences

After initially having processed the data the vertical analysis has been done by Trafikverket
and an average 45 mm of height difference between the Trafikverket data set and the RILA
data set was found.

Next step was to explain what has caused this height difference, some height difference was
expected (1 sigma standard deviation of 15 mm) but not 45 mm.

During the discussions with Trafikverket we found out that the geoid model, used by Fugro,
was not correct. Fugro had used the SWEN0O8 model while the SWEN17 model was the most
actual one. This SWEN17 model was implemented into the Fugro transformation software.
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The following checks have been done:

— Using both GLONASS as well as GPS satellites, done. It appears that applying the
GLONASS satellite observation to the total observations of processing didn't bring any
significant improvement or changes.

— Checking of antenna type and heights with Lantmatteriet and check of our internal
conversion software

—  Checking use of VRS data as background for the processing

—  We can conclude that both VRS and CORS data are solid and gives same results

Checking all Fugro settings and methods in our internal workflow processes (checked many
times) and they look correct.

Based on this we can now conclude, that we within the Fugro RILA data processing cannot
find any further reasons for the quite homogeneous pattern of 25mm differences.

As a next step we have had a good dialogue with Tina Kempe from Landmatteriet about
some specific CORS/RINEX data issues and she has been really helpful.

We have asked her to take a look at the RINEX data from the 12 SWEPOS stations used for
the RILA pilot run on 17" October 2019 but her response is, that they look to be pretty
normal and only some very small variances were observed by her. Based on that it seems
likely that the RINEX data does only cause very small differences but cannot explain the
25mm difference, but we are still looking at the reporting we have received from
Lantmatteriet. Further details on the geodetic accuracies and tolerances can be found in
Section 5 of this report.

The graph below shows the remaining differences in height between the reprocessed data
(new) and the traditional data of Travikverket.

Figure 2.3: Height differences between Fugro “old” and “new” data set.

Fugro has looked at the Metria report for the measurement of the terrestrial data between
Helsingborg and Teckomatorp on the 22" January 2019 again.
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The overall Metria report has not given us any new answers, but we would like to hear you, if
Metria in additional to the general report has provided any further specific metadata report or
additional documents? If this is the case, it would be very interesting for us to look at these in
order to further analyse and evaluate the height difference we found.
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RILA Products and Reports

RILA Track

s Date :2019/11/26

m  Controllers :R. Maas

= Runs : see section 1.2
s Coverage : see section 0

= CRS : see section 2.2

Data Accuracy : see section 2.3

The RILA track line is the result of the post processing in which several RILA runs have been
combined to generate an accurate RILA track line.

File format

The RILA track line was supplied in a CSV format and DGN file, containing a data point every
1 meter. The definition of each of the CSV columns is presented in Table 3.1. The datapoints
in the DGN are connected through lines that represent the track centre. The centreline is
accompanied by a counter and four lines that represent the absolute accuracy of the line. The
distance between the centreline and one of these lines is the size of the standard deviation at
that location. Table 3.2 describes which layers the DGN file contains.

Table 3.1: CSV Column Definition

Column ‘ Unit | Description ‘

Count - Unique ID, corresponds to counter in DGN.

xCentre m Easting of centre track

yCentre m Northing of centre track

zLowestlLeg m Height of the lowest railhead

Cant mm H.eigh.t of Ieft railhe.ad minus height of right railhead, when going in the
direction of increasing kilometre-values.

StdDevXY m Standard deviation in XY plane.

stdDevZ m Standard deviation in Z plane.

stdDevCant mm Standard deviation of the cant.

Table 3.2: DGN File Layers

Layer Description

Centre track Centre track line

Centre track sXY Std XY around centre track line (in XY-plane)
Centre track sZ Std Z around centre track line (in Z-plane)
KRDZ line number Counter

The DGN file may contain multiple lines, since we have split lines according to the rail
geometry, e.g. at a switch one line could end and two lines could start.
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Quality Report
Quality RILA Track
The total length of the delivered lines is: 10.800 meters.

Table 3.3 contains absolute accuracy statistics for each scope section and the combined
scope. Presented are the average standard deviations and the percentage of data points that
have an XY standard deviation below 8 or T0mm and a Z standard deviation below 12 or
15mm as stated in the NR survey standard band 1A and band 2A Locally standard deviations
may be higher or lower, please refer to data itself.

Table 3.3: RILA Track standard deviation statistics (1 sigma)

XY - coordinates Z - coordinates

Averagec | 6 <8 mm o6 <10 mm | Average o ‘ g <12 mm ‘ g <15 mm ‘

Section 1 4.1mm 95.8% 100% 6.5mm 100% 100%
Section 2 44mm 100% 100% 7.7mm 90% 99.6%
Section 3 4.8mm 87.4% 100% 8.6mm 93.8% 100%
Section 4 4.0mm 95.9% 100% 4.0mm 100% 100%
Section 5 54mm 89.6% 100% 8.5mm 83.4% 88.8%
Combined 4.5mm 93.5% 100% 7.1mm 94.6% 98.7%

The results in the above table 3.3. shows, that the overall horizontal targets of the RILA pilot
survey has been reached, as 100% of the XY-coordinates has been within a 10 mm absolute
accuracy with a 1 sigma deviation statistical level.

The absolute vertical accuracies are coming close to meet the requirements of less than 15
mm, but as mentioned earlier in this report a number of issues will still need to be further
analysed and tested in relation to verifying the vertical accuracy parameters.

However, Trafikverket has stronger requirements in regard to absolute track position than
e.g. Network Rail in the UK. Trafikverket requires an absolute accuracy of less than 10 mm
based upon a 2 sigma standard deviation.

Independent of Network Rail survey standards and mentioned accuracy bands, a standard
deviation for the RILA track acquisition could be computed. Based upon the requirements of
Trafikverket a 2 sigma is calculated, which means that 95.45% of the track center line points
will meet these accuracies for the 5 sections of the Helsingborg — Teckomatorp RILA survey:
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Table 3.4: RILA track 2 sigma standard deviations

Scope 2 o of XY - coordinates 2 o of Z - coordinates
Section 1 82 mm 13.0 mm
Section 2 8.8 mm 15.4 mm
Section 3 9.6 mm 17.2 mm
Section 4 8.0 mm 8.0 mm
Section 5 10.8 mm 17.0 mm
Combined 9.0 mm 14.2 mm

As shown in the table the less than 10 mm horizontal absolute accuracy requirements were
fulfilled for 4 out of the 5 sections of the test survey. Only section 5 shows a slightly lower
absolute accuracy of 10.8 mm. In average a 9.0 mm absolute accuracy was reached for all
survey areas, which can be considered a satisfactory result for a first pilot project.

The test survey was implemented on a single track railway line, and the obtained results meet
or come very close to the required absolute accuracies of Trafikverket, which we believe can
be regarded to be satisfactory for a first RILA pilot project in Sweden.

When two adjacent tracks are surveyed we can use the RILA point cloud to further improve
the absolute position or the tracks, but this was not possible for this survey as only a single
track was surveyed.

XYZ Local Deviations

In the test survey there is one area where the Z standard deviation significantly exceeds the
accuracy norms described in section 2.3. This is between 27km 700m and 27km 850m, the
end of Section 5, where the Z standard deviation reaches 19.5 mm. A possible explanation for
this are stops at the train station of Billeberga, as there appears to be no other elements
present that impact GNSS reception.

Limited Number of Runs

According to planning all tracks were surveyed four times.

Revision 02 | Helsingborg - Teckomatorp _F.IGRD



3.2

3.2.1

3.3

Revision 02 | Helsingborg - Teckomatorp

Page 14

RILA Video

[ ] Date

= Controllers
= Runs

s Coverage
= CRS

File format

The RILA videos were exported to MP4 files.

:2019/11/26
:R. Maas

: see section 1.2
: see section 0

: see section 2.2

Trafikverket

Two videos were delivered and they contain footage of different headings. This means that

one is SW oriented and the other is NE oriented, i.e. looking towards Teckomatorp and

Helsingborg, respectively. Each of the videos was recorded during a survey from

Teckomatorp to Helsingborg, but the RILA system was located on different ends of the train.

This means that both videos start between Teckomatorp and Billeberga, and both videos

contain footage for the entire scope, so all 5 sections are covered in each video. Note that

the longer standstill periods were cut from the video.

Quality Report

Fugro is aware of the potential risk of reduced video quality due to weather conditions and,

unfortunately, weather conditions cannot be managed. The perfect weather condition for our

video data is cloudy weather during day time. Whereas sunny weather causes lens flares and

rainy weather results in rain drops on the lens.

The data acquisition occurred in the early morning, consequently some footage was too dark

to be used. Furthermore, we encountered rainy weather conditions and hence, the video

contains rain drops and is not optimal for the majority of the scope. Note that the best

available footage data is delivered.

RILA Point Cloud

s Date

= Controllers
= Runs

s Coverage
= CRS

s Data Accuracy

:2019/10/30
: S. Xu, M. Biermann
: see section 1.2
: see section 0

: see section 2.2
: see section 2.3
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File format

The RILA point cloud has been exported to LAS files, with a tile size of 25 x 25 m. The RILA
point cloud is also available in the RILA Portal.

Relative accuracy w.r.t. RILA centre lines are calculated. Absolute accuracy is calculated by
adding the RILA centre line standard deviation, see Table 3.4.

Table 3.4: RILA Point Cloud - Accuracies

Relative | [mm]

Max. shift XY* 247.83
Max. shift Z* 2298
Average shift XY 3.83
Average shift Z 3.1
Std. shift XY 2.69
Std. shift Z 1.81
Absolute ‘ [mm]

Std. absolute XY 5.0
Std. absolute Z 6.5

*Max. shift indicates the biggest shift applied to a point in the point cloud data to make it
match with the RILA Track data. For example, in a location with a bad GPS reception where
one can have a point that is some meters away from the RILA Track data and therefore, our
algorithm will apply a shift to the data to bring it back to the actual position, i.e. RILA Track
position. This might happen at a few points amongst a millions of points and hence it doesn't
have any noticeable effect on the quality and accuracy of the data. In addition to Table 3.4, in
Table 3.5 some detailed statistics are reported about the number of points with an applied
shift to match the point cloud data with the RILA Track data.

Table 3.5: RILA Point Cloud — Applied Shifts

Shift > 3mm Shift > 5mm
-
. Percentage . Percentage
points points
XY 141624 54.97 65232 2532
z 119031 46.20 38071 14.78

In total 257623 points are used.
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Quality Report

The RILA point clouds are merged into one point cloud by applying the correction values in
both XY and Z direction. After this correction, the quality of matching is checked, with a
standard deviation of 15 mm, in the direction that is perpendicular to the driving direction
and, with a standard deviation of 30 mm, in the driving direction.

Topographical Map

s Date :2020/04/17
s Controllers : D. Ristovski, R. Moed

Scope of work

Fugro and Trafikverket together have decided to use section 5 for the feature extraction and
for creating a topographical map. This section starts at mileage 27.0 and ends at 28.0 and is
located near the city of Billeberga. This section has been chosen because of the large variety
of objects including a station, level crossing and overbridge.

The "TDOK2014_0524_v2_Kodning av geografiska objekt - terrester inmatning.pdf” has been
used as a guideline for recognizing and collecting the objects as well as the comments made
during the visit of Fugro to the Trafikverket office.

Procedure

The following software and datasets have been used to extract the features and to create a
topographical map:

- HORUS Movie Player: to locate and identify the objects in the imagery.
- Microstation: to extract and position the objects.
- Terrascan: to visualize the point cloud within Microstation and locate and identify objects.

The objects have been collected using Microstation and have been stored as a CAD
drawing(DGN). Afterwards the DGN has been converted, using an in-house developed tool,
to a TXT file resembling the desired format of Trafikverket.

Next to the DGN and TXT an extensive manual has been created as well during the extraction
of the objects. This will help us in the following two ways:

1. Making it clear to Trafikverket how we collected the objects and how we perceived the
specifications;
2. Creating our own database for documentation and future training.
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Quality

Mathematically determining a standard deviation for topographical mapping is impossible
but in the past multiple tests and research topics have been conducted to determine a fairly
accurate quality measure. These tests concluded that collecting objects within a point cloud
have an average standard deviation of 3 mm. because of the angle of the 360 degree scanner
towards the track, features can be detected less accurate in the driving direction. This
concludes in 3mm relative accuracy perpendicular to the track and 10mm along the track.

Additional Comments
During the feature extraction the following was encountered or needs to be mentioned:

- Three overbridges have been collected outside of section 5 as Trafikverket showed
interest in how overbridges are extracted in general. Two of the overbridges are located
in section 1.

- The information in the specifications is limited for people new to the system. This means
in some cases we might have difficulty doing it the first time right. Thanks to the
feedback received on the 6™ of April we can learn and improve our dataset.

- Some objects mentioned in the manual were not collected and included in the TXT or
DGN. To increase our knowledge we tried to find as many different type of objects as
possible along the entire survey path and not just section 5. Any objects found outside
section 5 (apart from the 3 overbridges), have been categorized but not mapped.

BOF 2040 PROTECTION....
BSB_2620 BRIDGE_ENDS
BUB_450_BRIDGE_BOTTO...
BUL_1030_NOISE_BARRIER
BVC_400_ ROAD_BRIDGE....
BVK_410_ ROAD_BRIDGE....
BVL_360_ ROAD_BRIDGE....
BVN_380_ROAD_BRIDGE....
Default
FST_3140_POST-STANDA...
Interior Floors

| 15B_2670_INSULATED_BL...

Figure 3.1: Overview of mapped objects in Microstation
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35 Profiles

One of the contractual requirements was to produce profiles (from fence-to-fence or ditch-
to-ditch) perpendicular to the railway corridor. In order to do so in section 5, mileage 27.0 -
28.0 close to the city of Billeberga, profiles were made.

The outcome was a bit disappointing due to the fact that the track in section 5 is more or
less in between noise barriers with hardly any variation in height.

Figure 3.2: Section 5, 3D overview Figure 3.3: Section 5, profile

Therefore Fugro has made some profiles on a different section were a variation in height of
the ground model is present.

Screenshots of these profiles can be seen in below figures, point cloud coloured in height
segments.
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Figure 3.4: Profile of ground model
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4.2

Delivery

Trafikverket

Format

Deliverables Description Format Reference frame
RILA Track DGN KP2000

RILA Track RILA Portal

Point Cloud 25x25m tiles LAS KP2000

Point Cloud RILA Portal

Video One video per track MP4 KP2000

Video One video per track RILA Portal

Quality Report PDF

Deliveries

Delivered data Comments Date send Date agreed
RILA Track DGN 11-okt-19

Point Cloud LAS and RILA Portal 18-okt-19

Video MP4 and RILA Portal 18-okt-19

RILA Track RILA Portal 18-okt-19

Quality Report Revision 01 07-now-19
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5. Geodetic accuracies and tolerances related to RILA
pilot survey in Sweden

In this section, a deep analysis of the RILA obtained normal heights and the offset in the heights
with the surveyed ground control points (GCP) is performed making use of the two geoids
mainly SWENO8 and SWEN17 both in RH2000 datum. This helps us in understanding the height
differences occurring from the two systems, and moreover perform an impact assessment of
these height differences.

Since the heights obtained by RILA are ellipsoidal heights (see red in image below), these
heights are required to be converted to normal/orthometric height depending on the height
reference system adopted by the country. In Sweden, normal heights are used in RH2000
datum, hence a quasi-geoid is made us instead of geoid, to transform ellipsoidal heights to
normal height.

H = Orthometric Height
h = Ellipsoidal Height

N = Geoid Height
H=h-N

- TOPOGRAPHIC SURFACE

In 2017, SWEN17_RH2000 has been calculated (by Agren et. al, 2017) by adapting the gravimetric
geoid model NKG2015 to Swedish reference systems by using a number of geometrically
determined geoid heights. These have been calculated as the difference between GNSS-
determined heights above the ellipsoid and balanced heights above sea level. In this step, a land
uplift correction and a residual error correction have been applied. The underlying gravimetric
geoid model NKG2015 has been calculated by NKG, the Nordic Commission for Geodesy, in a
Nordic / Baltic co-operation.

The standard uncertainty for a geoid height from SWEN17_RH2000 has been estimated at 8-10
mm on the mainland, Oland and Gotland, with the exception of a few areas where the
uncertainty is greater. This applies to the northernmost near the border with Norway and in Lake
Vattern (standard uncertainty approx. 2-3 cm) and the very highest mountains in the northwest,
due to the fact that it is more difficult to model a gravimetric model in mountain areas (standard
uncertainty approx. 2-4 cm) . At sea, the standard uncertainty is also greater; about 2-3
centimeters in coastal waters and probably around 5-10 cm further out.
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More information about the geoid can be found here (https://www.lantmateriet.se/sv/Kartor-
och-geografisk-information/gps-geodesi-och-swepos/Referenssystem/Geoiden/Svenska-
geoidmodeller/)

In figure below, you can find on left SWEN17_RH2000 datum and on the right the differences in
the geoid height for SWEN17 and SWENO8 both in RH2000 datum.

Skilln

Bei

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
- 0.00
-0.01
-0.02
-0.08
-0.04
~0.05
-0.06
-0.07
~0.08
-0.08

As already mentioned in previous sections, we now perform the analysis of the differences
between the heights from two geoid models. Firstly the height differences just between Fugro
heights from SWENO08 and SWEN17. See image below:

Histogram of Height Differences with Fugro + SWEN17 and Fugro + SWENO8
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It can be observed that from the height differences from two geoids for our survey area ranges
from -16.5 to -11.5mm, which is expected comparing it from the image where the differences in
the geoid are observed.
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The ground control points surveyed by Lantmateriet can be seen below, with a rather high
density of the surveyed points separated over every 20 meters
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Here, a zoom cross section can be visualized, for the same:
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Moreover, an outlier removal strategy was applied for the ground control points, which were
found to be not closer to the RILA observations or vice-versa, and were removed from the final

dataset. This ensures, that all GCP have a valid geographical representation from our RILA
derived heights.

-limnn
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In order to check the results of this based on the ground control points and the latest geoid
model, we observe the following distribution.

Histogram of Height Differences with Fugro + SWEN17 and TF GCP
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From the distribution plot, it was found that the height differences computed as:
Height Differences = Fugro_height — Trafikverket_GCP

The mean height difference observed was about 28mm with standard deviation of 16mm. It
was concluded that there is still some systematic offset in the 3 height systems, RILA height,
geoid height and levelled height.

The possible causes for this offset from RILA and Geoid can be due to the following reasons:

1. The satellite constellation

The survey was performed in single day under same constellation. The combined
solution doesn’t have enough parameters to choose from to find the right ellipsoidal
height with good accuracy.

2. 2-hour gap

It was found that after the first survey, there was a gap of almost 2 hours between the
first and second survey. It is suspected, that this long gap can cause issues, depending
on the location where this gap occurs, such as station and inside. This causes IMU drift
in the survey.

See image below.
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3. Geoid uncertainty

It was observed that the geoid also has uncertainty of 8-10mm which needs to be
accounted into the error budget when comparing ellipsoidal heights to normal height
system

Finally, it should be noted that the validation data i.e., ground control points also consist of
uncertainty not part of the error budget. Depending on the process of the measurement and
the type of instrument this could very well be up to 5mm.

A meeting was held, August 24" 2021, with Lantméteriet and Trafikverket to discuss the
outcome of the above analysis of Fugro. During this meeting Fugro presented the analysis and
discussed the outcome with staff of both Lantmateriet and Trafikverket. The outcome of the
discussion was taking the uncertainty of the Swedish height model in combination with the
uncertainties in the ellipsoid heights of RILA into account the accuracy of the RILA
measurements were within the 2-sigma requirements of Trafikverket. There were also
discussions regarding uncertainties associated due to deformation, and it is suggested that the
ground control points and the RILA survey date, are to be held during the same time-frame to
avoid any deformation issues.

Conclusion

Based on the research carried out by Fugro, along with the help of Lantmateriet and Trafikverket,
it was advised to plan another survey preferably divided over two days, in order to avoid issues
observed such as the long gap as mentioned previously, and make use of different satellite
constellation to do the trajectory processing. It would be preferrable if the ground control points
can also be known with their associated uncertainty during the same period as the RILA survey.
This helps us to understand in more detail about the quality of the RILA obtained normal heights.
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Appendix A

Planning
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