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Abstract: The article presents the results of satellite railway track position measurements performed
by a multidisciplinary research team, the members of which represented Gdansk University of
Technology and Gdynia Maritime University. Measuring methods are described which were used
for reconstructing the railway track axis position and diagnosing railway track geometry defor-
mations. As well as that, the description of the novel method developed by the authors to perform
mobile GNSS measurements is included. The reported research aimed at assessing the uncertainty
of railway track axis reconstruction making use of the dynamic GNSS method. To assess the ap-
plicability of this method, the obtained results were compared with those from the stationary meas-
urement method used in railway business. The data used for comparison was recorded on the same
railway track section during several measurement campaigns. In these campaigns, different types
of GNSSs with different position recording frequencies (1-100 Hz) were used at different measure-
ment speeds (5-70 km/h). The performed analysis has shown that the accuracy of railway track axis
reconstruction making use of mobile GNSS measurements is sufficient for using this methodology
in railway business.

Keywords: GNSS measurements; railway track axis; accuracy

1. Introduction

Railway transport plays a significant role in developed societies. Public expectations
concerning the competitiveness of railway transport continue to increase, which reflects
a growing awareness about the effect of transport means on the environment [1-3] and
threats related with traffic safety [4,5].

Due to dynamic effects that take place at contact points between the train wheels and
the rails, which then are transmitted to the wagon bodywork, the geometry of the railway
track and its deformations are decisive for permissible train speed [6,7]. The time of jour-
ney, as well as the comfort and safety of passengers, are the basic measures of railway
transport competitiveness [8,9].

The effective and safe railway traffic operation requires maintaining an extremely
high quality of track geometry. Building and further maintenance of the railway track are
among basic factors in the lifetime of a rail investment project [10]. The frequencies and
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ranges of track maintenance activities depend on a number of variables, such as amount
of transport, train speeds, type of surface, location, geometry, etc. [11-13].

From the point of view of their geometry, the designed railway tracks have a pre-
cisely defined general shape, the so-called macrogeometry. This macrogeometry is imple-
mented in field conditions when the track is built. During both the railway-track-building
process and its further operation, certain differences appear between the designed and
real geometry, which bear the name of microgeometry. The relationship between track
macro- and microgeometry is shown in Figure 1.

Deformed track axis

microgeometry
) _ Theoretical track axis
Straight section ™™~ macrogeometry
SEL i St

Circular arc

Figure 1. Relationship between railway track macro- and microgeometry.

The railway track position can be measured using different methods. Classic meas-
urements allow for the reproduction of geometries in local reference systems—most fre-
quently associated with the railway track itself (involute methods) or with control marks
situated in its vicinity [14]. The involute methods enable very precise detection of local
cases of track unevenness, but they do not provide track co-ordinates in the global co-
ordinate system, which is necessary for reconstructing macrogeometry deformations. Ad-
ditionally, the measurement is made locally, which makes both determining an accurate
position of the detected deformation and maintaining good repeatability of measurement
extremely difficult [15]. The same is true for railway track axis measurements making use
of classic control marks. In this case, the person making the measurement can calculate
differences of the position of the railway track in operation with respect to the new one,
but is still unable to calculate deformations of railway track macrogeometry, as the track
could already have been built in a defective manner.

A modification of the classic measurement method consists of making use of railway
geodetic networks and existing track axis control marks as measuring marks. A suffi-
ciently high density of distribution of points with co-ordinates known in the global co-
ordinate system has made it possible to determine (using a tacheometer and the polar
method) co-ordinates of points situated along the track axis. This modified classic method
is nowadays used by the majority of railway infrastructure managers [16—20]. The meas-
urements are performed using high-class tacheometers which work in a free stationing
mode [21]. This approach makes it possible to determine track co-ordinates with arbitrary
density, as a result of which the local accuracy of measurement reaches the level of several
millimeters. Globally, the measurement can be burdened with a systematic error resulting
from the uncertainty of setting the geodetic network itself. In Poland, such measurements
make use of points constituting the Special Railway Control Network (KOS) [22-24].

The basic disadvantage of measurements performed in free stationing mode is their
low efficiency, comparable with that of methods making use of classic track axis control
marks, which allow for the measuring of a track section of up to several hundred meters
in length to be completed in one hour. Moreover, this method requires a measuring team
of a few people, which considerably increases the cost of survey performed throughout
the entire railway network. Hence, attempts are made to find more precise and effective
methods to identify the geometry of the railway track and its deformations. The standards
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that are presently in force in Europe define the following measurements and the applied
methods [25,26]:

¢  Involute measurements—track microgeometry measurement based on measurement
of sagittas (static, making use of a pushed track gauge or a measuring trolley) [27,28].

e  Inertial measurements —determining the quality of track geometry by measuring the
effects of motion of the measuring trolley or vehicle on the deformed track [29-31].

e  Tacheometric measurements—determining track axis co-ordinates in relation to the
railway control network (static or making use of trolleys and robotic devices) [32].

e Additionally, the following groups of methods are being developed now:

e GNSS measurements —determining track axis co-ordinates from the results obtained
using GNSS positioning techniques (static RTK, or mobile) [33-36];

e  MLS measurements—determining track axis co-ordinates based on laser scanning
[37,38];

¢ Methods combining some of the abovenamed measurement solutions [39-42].

All these measurement methods make it possible to reconstruct track micro- or mac-
rogeometry, but their efficiency differs considerably. In general, methods based on meas-
uring local track parameters allow for the achievement of very good results of track mi-
crogeometry measurement and are very efficient. On the other hand, measurements mak-
ing use of geodetic networks enable reconstructing of the track macrogeometry, but their
efficiency is low, and they require the presence of an expensive and troublesome survey-
ing grid. That is why many hopes rest on GNSS-technique-based methods, as they offer
track macrogeometry measurements which are highly efficient and do not require an ex-
pensive surveying grid. However, it is still questionable whether these methods can be
effectively used for assessing track microgeometry. Figure 2 presents a collation of typical
measurement methods used in railway business.
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Figure 2. Comparing efficiency and usefulness of typical measurement methods. Own elaboration
based on [27].

This article compares the results of track macro- and microgeometry measurements
made using different methods to check whether the present stage of development of
GNSS-based measurement methods allows them to be used for analyzing railway track
axis deformations.
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The presented measurements and the analysis of their results were made as part of
the work carried out in the InnoSatTrack project (BRIK project).

2. Materials and Methods
2.1. Mobile Satellite Measurements of Railway Tracks

Satellite measurements of railway tracks are not considered innovative solutions any
longer. Attempts to implement GNSS measurements in the railway business started al-
most directly after switching off the Selective Availability system for GPS, which took
place on 2 May 2000 [43]. Since then, the satellite system has become available for civil
geodetic applications.

However, performing precise measurements using GNSS techniques still requires
taking into account many components that affect the accuracy of determining the position.
In applications where the centimeter-level accuracy (or even more precise) is required, it
is crucial to effectively reduce or eliminate errors such as: inaccuracy of broadcast satellite
orbits, error in the synchronization of satellite and receiver clocks, and errors of signal
propagation in the Earth’s atmosphere [44]. In geodetic practice, differential measure-
ments, especially double differences, are most often used, which enables, most of all, to
eliminate errors related to satellites [45]. With shorter vectors (the length depends on the
current atmosphere conditions), this technique also allows for the reduction of the iono-
sphere and troposphere effect [46]. However, over longer distances, it is necessary to im-
plement more advanced techniques. Regarding the ionospheric delay, the combination of
multifrequency observations can be used to reduce the first-order ionospheric delay (rep-
resenting 99% of the total delay) [47,48]. The application of various models allows, on the
other hand, for the reduction of the tropospheric delay [49]. Nevertheless, in precision
positioning, the delay value is estimated along with the position and correction of the
receiver clock. The latter value is critical in determining the receiver’s position and allows
synchronization of the receiver’s clock with the GPS time. In addition to the discussed
issues, it is also worth mentioning that it is important to take into account the model of
the antenna phase center and conduct observations under favorable conditions [44].
Above all, the environment which can strengthen the multipath effect must be avoided.
The multipath effect is not reduced by differential measurements. Furthermore, it is im-
portant to avoid the unfavorable conditions occurring in the ionosphere, for instance dur-
ing geomagnetic storms when accuracy of precise GNSS measurements can be drastically
decreased [50].

The first measurement systems used physical base stations for improving the accu-
racy of determining the receiver’s position [51]. The base station, having the form of an
additional GPS situated above a point with known co-ordinates, was used to pass obser-
vations to the receiver (rover) measuring the track co-ordinates. The disadvantages of the
abovementioned error-reduction method making use of a roving receiver included the
need to connect to a physical geodetic network. The measurement accuracy decreases
with the increasing distance from the physical reference station. In good measurement
conditions, the measurement could be made at a radius of several hundred meters around
the base receiver due to the increasing measurement uncertainty [51]. The scheme of
GNSS measurement making use of two receivers is shown in Figure 3a.
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Figure 3. Measurement of railway track axis co-ordinates with two GNSS receivers (a) and MSM
technique (b).

In subsequent years, various networks of reference stations were activated, which
allowed for the ability of performing GNSS measurements while taking into account net-
work corrections delivered in real time by a computation center. A physical base receiver
was replaced by a Virtual Reference Station (VRS). For railway applications, this was a
breakthrough, as measuring long, linear track segments could be conducted now using a
single GNSS receiver. Since the area between the reference stations was covered with the
vector correction field, the position of the moving receiver did not affect the value of the
position determination error much.

In 2009, the interdisciplinary research team of Gdansk University of Technology and
Gdynia Maritime University started the research which aimed at investigating and then
implementing mobile satellite measurements to railway activities. The Mobile Satellite
Measurement (MSM) technique consists of the use of a rail vehicle as a measuring plat-
form on which high-quality GNSS receivers are mounted. These receivers record discrete
co-ordinates with a high frequency when the platform moves along the track, and thus
determine the track axis position. The measuring platform can be self-propelled or pulled
(pushed) by a motor vehicle. A scheme of the measurement making use of MSM technique
is shown in Figure 3b.

During the research, various motor vehicles and measuring platforms were used. The
measurements were conducted on standard and narrow-gauge railway lines, and on tram
routes. The number, settings, and arrangement of GNSS receivers were modified to find
an optimal configuration of measuring instruments [52,53]. The performed tests con-
firmed the usefulness of the method, high repeatability of the obtained results, and ex-
tremely high accuracy which allowed for the measuring and assessing of some groups of
track-geometry defects [54-56]. However, the question is still open of how to increase the
certainty of measurements performed in difficult conditions (for instance, in the situation
of insufficient visibility of satellites) and what methods can be used to support the meas-
urement in places where the GNSS signal is lost (e.g., under viaducts or in tunnels). Hence,
the next measuring sessions included testing-support solutions which aimed at increasing
the reliability of the MSM system.

To compare the uncertainty level of the measurement which can be reached using
classic measurement methods and those making use of GNSS techniques, a number of
comparison tests were performed. For this purpose, a fragment of railway track was se-
lected which represented a typical track geometry consisting of a straight section, a circu-
lar arc, and a transition curve. Then, the track-position measurements were made using
classic and GNSS-technique-based methods. In both cases, the obtained uncertainty level
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of measurement was assessed in such a way as to enable the comparison of these two
methods.

2.2. Characteristic of the Test Segment

The railway track selected for measurement-system comparison tests was the railway
line no. 211 (Chojnice-Kos$cierzyna) situated in Northern Poland. The measurements were
conducted in a number of measuring campaigns on the test segment between stations
Chojnice (kilometre 0 + 000) and Brusy (kilometre 26 + 600). The repeatability of track ge-
ometry reconstruction was tested on its shorter fragment between kilometers 5 + 600 and
12 + 000. The railway line on the test segment comprised both renovated sections and
those expecting maintenance works. The entire test segment comprised the contactless
railway track on a gravel ballast bed.

Due to relatively small traffic on railway line no. 211 (2 pairs of trains composed of
light diesel trainsets SA-109), the geometry degradation during 2 years after the most re-
cent maintenance works was expected to be negligibly small, and it could be assumed that
in the next measurements the test segment would exhibit the same defects (the same
macro- and microgeometry). The geographical location of the measured test segment is
shown in Figure 4.

oo Gdansk

Koscierzyna
" KM 70+345

Brusy
KM 26+600

Chojnice
KM 0+000

Figure 4. Geographical location of the test segment (marked in blue).

2.3. Measuring Campaigns

The track segment selected for the reported tests (between kilometers 9 + 600 and 12
+000) was part of the track on which one of the past control measurements was made in
July 2019 (Measuring campaign no. 1) [57]. The next mobile measurement campaigns were
conducted in December 2019 (Measuring campaign no. 2 and in March 2020 (Measuring
campaign no. 3). During the campaign no.3, the data from a total of 8,327,280 measuring
points was recorded.

The parameters recorded during mobile GNSS measurements described the track po-
sition in two planes, which allowed reconstructing the track geometry and its defor-
mations. However, the measured co-ordinates contained errors resulting from both the
applied measurement method and the obstacles deforming or blocking the satellite signal.
Consequently, the detected railway track geometry deformations from the designed
shape could reflect either the existing real defects (horizontal and vertical unevenness,
settlement, etc.), or result from erroneous reading of co-ordinates by the receiver. Two
measuring campaigns were planned which aimed at assessing the compatibility of the
track axis co-ordinates obtained using the measuring methods being alternatives for each
other, i.e., satellite GNSS measurement vs. polar method combined with trigonometric
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levelling to the KOS network. The first static measuring campaign was planned for De-
cember 2019, and the second for December 2020. The test segments in these two cam-
paigns covered fragments of railway line no. 211 between kilometers 9 + 600 and 12 + 000
(December 2019) and between 9 + 600 and 5 + 600 (December 2020).

2.4. Characteristic of the Test Segment

The measurement was performed using a measuring unit consisting of a motor vehi-
cle (draisine DH-350.11), an optional buffer trolley, and a measuring trolley. A flatcar 401Z
was used as the measuring trolley on which measuring instruments and supporting de-
vices were mounted in specially prepared universal rails.

The measurements were repeated several times using the following GNSS receivers:

e  Leica Viva GS-18;
e  Trimble R10;
e  Trimble Alloy.

The GNSS receivers were mounted over the bogie pivot pins and in the lateral axis
passing through the pivot pin. The configuration of the measuring instruments is shown
in Figure 5, and their sample assembly in universal rails in Figure 6.

pushing pulling
-

pivot

MLS INS
GNSS
e e ¥ [ ey S e

<
401Z Flatcar Flatcar (optional) DH-350
7m
12m 12m

Figure 5. Configuration of the measuring unit used in Mobile Satellite Measurements.

Figure 6. Measuring instruments mounted in universal rails.

Static measurement:
The static measurement was performed using two measuring units.
Unit 1 comprised:
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e  Track gauge Graw TEC 1435 with a tripod for envelope measurement;
e GNSS receiver Trimble R10 or Leica Viva GS-16 installed on the tripod;
e  Surveying prism Leica GPR121 installed on the tripod.

Unit 2 comprised:

¢ Ahorizontal measuring bar made of aluminum profiles and a small table for mount-
ing a GNSS receiver or a surveying prism;

e GNSS receiver Leica Viva GS-16 installed on the table;

e  Surveying prism Leica GPR121 installed on the table.

The measurement of railway track axis co-ordinates using the polar method com-
bined with trigonometric levelling was made with a single tacheometer Leica TCRP 1201
or a set of two tacheometers Leica TCRP 1201 and Leica TM50. These two measuring units
are shown in Figure 7.

Figure 7. Measuring units used in static measurements.

The measurement of co-ordinates of the KOS control points was performed using 4
GNSS receivers mounted on tripods (Figure 8):

e  Leica Viva GS5-16;
. Leica GS07—2 pieces;
e  Leica ATX1230+.

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl
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Figure 8. GNSS receiver during the measurement of KOS co-ordinates.

3. Results
3.1. Limitations of the Methodology Used

The preliminary analyses of the recorded measurement signal have shown that on
the track segment measured statically in 2020, clear differences between signals recorded
using the dynamic methods and the tacheometric methods can be observed. Particularly
puzzling was the fact that the GNSS signal recorded during three mobile measuring cam-
paigns coincided with that recorded during the campaign with tacheometer.

Two possibilities were considered:

1. The appearance of repeatable measurement errors when passing the Powatki passen-
ger stop;
2. Incorrect determination of KOS co-ordinates.

Since the 3D resection did not exhibit errors in connecting to the railway control net-
work, the first possibility seemed more likely. Eventually, a decision was made to perform
an additional control measurement to check the correctness of determining KOS co-ordi-
nates along the section on which the above differences were recorded. It turned out that
the offset of co-ordinates increased steadily to reach the maximum value of about 0.09 m
in the middle of a segment between pairs of points whose co-ordinates were measured
using the static GNSS method. Since the change of KOS co-ordinates progressed gradu-
ally, it was practically imperceptible when analyzing the 3D resection made to determine
co-ordinates of tacheometric stations.

During the first measuring campaign, 27 co-ordinates were recorded using the RTK
method, 2116 using the mobile 1 Hz method (with the receiver fixed to the moving track
gauge), and 264 using the tacheometric method.

During the second measuring campaign, 20 co-ordinates were recorded using the
method of short static measurements, 2418 using the mobile 1 Hz method, 433 using the
tacheometric method and a prism mounted on the track gauge, and 101 using the tacheo-
metric method and a prism mounted on the measuring staff.

The mobile GNSS measurements consist of recording co-ordinates in given time in-
tervals during the motion of the measuring trolley with a given speed. Hence, the dis-
tances between successive measuring points and the measured track position depend on
the data recording frequency (in the reported research, the measuring frequencies were 1
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Hz, 20 Hz, and 100 Hz) and the measuring trolley speed (5-70 km/h). Since not all config-
urations were utilized, the distances between points measured using the GNSS methods
can vary:

e  Upto 1.5 m for 1 Hz measurements on the manually pushed track gauge;
. From 0.14 m to 0.76 m for 20 Hz measurements;
. From 0.05 m to 0.19 m for 100 Hz measurements.

For static methods, the measuring step varied from approximately 10 m to 50 m, de-
pending on the applied measurement method.

The performed comparison analysis has shown that due to different methodologies
applied, finding co-ordinates measured using different methods which would coincide
with each other is extremely difficult. Therefore, the compliance of the reconstructed track
axis position as a whole with the real track location was selected as the basis for assessing
the applicability of an individual measurement method.

The most severe problem in measuring railway infrastructure in operation is that the
measured real track axis does not coincide with its designed position due to the existing
horizontal and vertical unevenness. Therefore, using the design as the reference for the
measurement methods should be limited only to a very general assessment of compliance
of the obtained results. Based on the experience gained from past analyses [57], a decision
was made to perform the compliance analysis of track axis position using the results ob-
tained from static tacheometric measurements as the reference for comparison with the
remaining methods. It is noteworthy here that static measurement is used in railway prac-
tice as the basic tool for reconstructing track axis co-ordinates; however, its usefulness
depends on the correctness of determining railway geodetic network co-ordinates.

Another problem to be solved when using the mobile GNSS measurement methods
refers to difficulties with the proper mounting of measuring instruments with respect to
the track structure and finding a procedure for correct track axis reconstruction from the
recorded data. According to the definition, the track axis is the line on the railhead plane
situated parallel to the reference rail and distant from it by half of the nominal track width.
The reference rail is most often the outer rail on an arc, and the nominal track width is
1435 mm, as measured 14 mm below the railhead plane. In real measurement conditions,
the GNSS receivers, surveying prisms, and other measuring instruments are mounted
above the railhead plane and with some offset in the horizontal plane. The vertical eleva-
tion results from the physical shape and dimensions of the vehicle used for measuring.
For the measuring instruments mounted on the track gauge and on measuring trolleys,
the vertical elevation is approximately 1.5 m above the railhead plane. The horizontal off-
set for the track gauge is about 0.2 m. For the receivers mounted above the pivot pins, the
horizontal offset results solely from the inaccuracy of assembly, while for the receivers
mounted in the lateral axis it is 0.75 m. The horizontal offset of the measuring instruments
mounted in the trolley axis beyond the horizontal plane of pivot pins results only from
the inaccuracy of assembly when the measuring trolley moves on a straight track segment.
When on an arc, additional offset appears which is caused by trolley adaptation to the arc.

Moreover, when the trolley moves on the tracks segment situated on a cant, another
additional horizontal offset appears which is caused by the inclination of the measuring
unit. Figure 9 shows shifts of measurement signals recorded using different methods.

Due to the presence of the above offsets, the results of track axis measurement need
to be reduced to the track axis position. Figure 10 shows schematically the horizontal and
vertical offsets of the measured position with respect to the track axis.

To analyse problems concerning position measurements beyond the track axis, addi-
tional measurements were performed during which the surveying prism was mounted to
a very low position on a measuring staff for the measured position to coincide as much as
possible with the real position of the track axis.
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Figure 9. Horizontal differences between co-ordinates recorded using different measurement tech-
niques.
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Figure 10. Scheme of offsets of the measured position with respect to track.

3.2. Determining Uncertainty of Track Axis Position Measurement

Determining the track axis co-ordinates reduced to the railhead plane is calculated
using the following formulas:

Y'=Y+h-sina-cosd+h-sin f-sind +e-coso
1
X' =X-h-sina-sind+h-sin f-cosd —e-sind @
where: X, Y—co-ordinates obtained from GNSS receiver, h —GNSS receiver height above
railhead, e—lateral displacement of the trolley with respect to track axis, @ —roll angle,
p—rpitch angle, and 6 —orientation angles in 2D space (heading/yaw).

Each of the above quantities is determined with some measurement uncertainty,
which originates from certain characteristics of the measuring instruments (4, ¢, @, , and
0) and/or from the current configuration of satellites and the current topography of the
area in the vicinity of the railway track (co-ordinates Y, X). To assess the measurement
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uncertainty for a given quantity (here Y’, X' co-ordinates), calculations should be per-
formed in accordance with the uncertainty propagation law.

Assuming that the used system consists of six receivers, the co-ordinates of each
measuring platform pivot pin are determined from the co-ordinates of two groups of three
receivers situated, respectively, above the first and second bogie. The below-presented
analysis was performed for the receivers situated above the first measuring bogie, assum-
ing that each receiver in the group generates high-quality results. In this situation, the
pivot-pin axis co-ordinates are calculated from the formula:

_Yac +Yar +Yar

Y,
4 3
. 2)
Xac +Xar + X4r
X4 =
3
The standard uncertainty of determining co-ordinates Ya, X4 is given as:
2 2 2
Yy 2 [ 0Ya 2 (dYq 2
Yu)= -uly, + ulY, + -ulY, =
u(Ya) \/(GYACJ u(Yac) (6YALJ u(Yar) [aYAR u(Yar)
1 2 2 2
25\/M(YAc) +u(YAL) +M(YAR)
©)

2 2 2 '
= ]t o[ () st -

e X )

The standard uncertainties of partial measurements are expressed by the values of
the coefficient CQ2D, being the standard deviation of determining co-ordinates on a 2D
plane.

The uncertainties of measurement of railway track axis co-ordinates reduced to the
railhead plane are given by the following formulas:

%Jz (s {%/:T u(hy {%T (e +
H%T u(a)’ {%JZ (B {%{Jz u(s)
[ a5t 2]

{5;(;' T () {52‘; ]2 u(p) +[5§§' ]2 ()

After calculating and substituting partial derivatives, we have:

u(YA'):

u(XA’)=
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+

u(YA) (sina-cosé+sinﬁ-sin5)2 ~u(h)2 +(c035)2 -u(e)2 +
(

u(YA'): +(h-cosa- cosé) ( )2+(h'cos,8~sin5)2-u(/i’)2

+( —h-sina-sind+h-sin f-cosd—e- sm5) u(5)2

)

u(XA) (sina-sin5+sinﬂocosé)2~u(h)2+(—sin5)2~u(e)2+
M(XA’)Z +( —h-cosa- sm6) ( )2+(h-cos,8-cos5)2~u(ﬂ)2+
+(—h-sina-cos5—h~sin,B-siné'—e-cosé‘)z~u(5)2

After obtaining the standard uncertainty values, the expanded uncertainty was cal-
culated using the coverage factor k = 2. For this value of k, the result of measurement is
given with the confidence level of 95%, which means that in 95% of cases, the real value
of the measured quantity (co-ordinates) is within the range: result + extended uncertainty.

Additionally, the analysis was performed for real differences between track axis co-
ordinates reconstructed using the mobile vs. static methods. In this case, the reference axis
was that which was determined in stationary measurements. It was assumed that between
the co-ordinates measured using the stationary methods, the track axis had the form of
either a straight line or a constant-radius arc. This assumption could be assumed for sta-
tionary measurements performed approximately every 10 m, as the horizontal uneven-
ness on the measured railway line had the form of arcs with extremely large radii, whose
sagitta on the chord of 10 m was negligibly small. The applied methodology of analysis
was described in more detail in [57].

4. Analysis of Differences and Assessment of Trajectory Measurement Uncertainty
4.1. Assessing the Uncertainty of GNSS Trajectory Measurement

It was stated that the maintenance condition of the examined track segment is very
good and well-adapted to the permissible speed limit (120 km/h). On macrogeometrical
track sections (straight line, arc), the effect of microgeometrical imperfections could be
observed, usually at the level of several tens of millimeters.

The measurements performed using a tacheometer, KOS network, and GNSS receiv-
ers mounted on the measuring staff and on the track gauge, along with the correction
method applied to GNSS results, (RTK, post-processing) have made the basis for assessing
the extended measurement uncertainty for static measurements, which amounted to:

e 10 mm for very good quality of GNSS signal;

e 20 mm (most often recorded) for medium quality of GNSS signal;

e 40 mm for poor quality of GNSS signal (especially for track section km 10 + 250-10 +
400).

The accuracy of measurement depended on the quality of the GNSS signal, as well
as on the corrections received from the reference stations (for 1 Hz signal in RTK meas-
urement) and used in postprocessing (20 Hz signal).

4.2. Analysis of Differences in the Reconstructed Track Axis Position

Figures 11 and 12 present the analysis of a selected part of the recorded measurement
results. Different colors were used to mark aggregate results of multiple receivers ob-
tained for mobile measurements making use of GNSS techniques:

e GNSS (07.2019: 20 Hz—green;
. GNSS 17.12.2019: 20 Hz—purple;
e GNSS10.03.2020: 100 Hz—red.
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Figure 11. Deviations of the reconstructed track axis in horizontal plane for particular measuring
instruments with respect to static measurement.
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Figure 12. Deviations of the reconstructed track axis in vertical plane for particular measuring in-

struments with respect to static measurement.

Table 1 and Figures 13 and 14 show statistical parameters (median MED and stand-
ard deviation STD) describing differences in the track axis reconstructed in successive
measuring campaigns using particular receivers. These parameter values made the basis

for assessing the quality of track axis reconstruction using the MSM method.

Table 1. Statistical values describing the reconstructed measurement signal.

Measuring Cam- MED Horizontal STD Horizontal MED Vertical STD Vertical
paign [mm] [mm] [mm] [mm]
1.2 7.0 2.5 10.7
1.5 5.5 2.2 6.6
Campaign 1 4.7 6.7 -4.8 14.5
July 2019 -11.3 10.1 19.5 12.9
-6.2 6.8 -6.8 17.4
-3.8 9.9 3.6 6.1
-13.6 9.4 7.2 7.4
Campaign II -9.1 11.8 5.8 16.2
December 2019 -11.5 9.6 1.2 15.3
4.2 9.7 -6.5 6.0
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-2.8 10.1 54 53
-3.2 8.4 -7.9 15.0
-2.9 7.0 20.0 10.9
4.7 7.7 16.6 13.3
Campaign III -5.7 7.9 23.4 14.2
March 2020 -5.8 7.3 441 10.3
-1.6 7.9 32.0 8.7
1.1 7.5 25.3 49
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Figure 13. Box plot of deviations of the track axis reconstructed in horizontal plane using different
measuring instruments with respect to the static measurement.
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Figure 14. Box plot of deviations of the track axis reconstructed in vertical plane using different
measuring instruments with respect to the static measurement.

The obtained empirical distributions of measurement uncertainty for MSM in com-
parison to the classical measurement methods show their mutual convergence at the level
of a couple to several millimeters. This level of measurement uncertainty is acceptable for
measurements with the use of railway geodetic networks, so it is possible to conclude that
the measurements performed with the use of MSM methods enable the correct reproduc-
tion of at least the track macrogeometry.
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Figure 15 presents a comparison of the results obtained for particular measurement
systems, along with the corresponding uncertainty levels. As can be seen in Figure 15a,
the GNSS measurements performed in good conditions provide results which comply
with those obtained from the static method, as the areas defined by the expanded uncer-
tainty levels for these two methods overlap each other. In Figure 15b, presenting the meas-
urement results obtained in less favorable conditions, the compliance of the track axis po-
sition reconstructed using the two methods is still observed, although the expanded un-
certainty level is higher in this case.

The results presented in Figure 15 confirm that it is possible to determine the position
of the railway track axis using the MSM method with the level of uncertainty as for sta-
tionary measurements. At the same time, MSM offer many times greater measurement
efficiency, which is a new quality in conducting inventory works on railway lines. Obtain-
ing a low level of uncertainty for MSM is possible under the condition of high availability
of the GNSS satellite signal.

Xioc [M] Xioc [M]
1.0 1.0 I
o
== (a)
0.5 0.5
Mobile GNSS : Mobile GNSS
Static tacheometry Static tacheometry
Yiee [M] ] Yioc [M]
0.0 0.5 1.0 0.0 0.5 1.0
(a) (b)

Figure 15. Comparing the results obtained from GNSS system and from static method: (a) good
conditions, (b) unfavorable conditions.

5. Conclusions

Based on the performed analyses we can conclude that, assuming good measurement
conditions (appropriate constellation of satellites and no natural obstacles), the version of
the mobile GNSS system with six receivers provides results of railway track axis position
measurement with the expanded uncertainty ranging from +22 mm to +27 mm. This result
makes it possible to carry out inventory activities at the accuracy level close to that offered
by stationary systems, at much higher efficiency.

The basic advantage of mobile measurement methods is their high efficiency. The
methods making use of tacheometric measurement of co-ordinates in relation to the KOS
network offer the efficiency at the level of 0.2-0.5 km/h. The highest efficiency recorded
during the performed measurements was 0.4 km/h. It was achieved by the measuring
team consisting of eight people and making use of two tacheometers and the surveying
prism mounted on a track gauge trolley. At the same time, the RTK measurement method
with the GNSS receiver mounted on the track-gauge trolley allowed for the performing of
measurements with an efficiency of about 2.5 km/h, when track co-ordinates were meas-
ured every 100 m. In turn, the mobile GNSS measurement with the GNSS receiver
mounted on the track gauge trolley allowed for the performing of measurements with
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efficiency of about 5 km/h. Finally, when the GNSS receivers were mounted on the meas-
uring wagon, this efficiency increased even more and varied from 10 km/h to 70 km/h
depending on the adopted measuring speed.

The quality of the KOS network varies significantly. The GNSS measurement made
it possible to detect large errors in determining the position of the KOS control points on
a section of the measured track.

The measurement of the total station in relation to the KOS control points must be
performed by a team of at least six people, equipped with two total stations. A smaller
number of people or only one total station causes very long breaks in the measurement
due to the time spent on moving the free station.

The main disadvantage of mobile measurement methods is the time needed for data
processing. In the reported case, this time was about 3 weeks and resulted from the spe-
cific nature of post-processing of GNSS data using ASG-EUPOS or HxGN SmartNet active
geodetic networks’ raw data and SP3 precise orbits, in which accurate satellite trajectories
are available only after 21 days. The co-ordinates recorded during the measurement can
only be recalculated after obtaining this data. Such a long waiting time limits the use of
the method to planned measurements in which the essential parameter is efficiency, while
the time between the measurement journey and obtaining final results is less important.
For unplanned and working measurements, they can also be made without precise infor-
mation about satellite trajectories, but this deteriorates the accuracy of determination of
railway track axis co-ordinates.
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