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Abstract 
 

The study describes geodetic inventory measurement techniques used to study the 

geometry of a selected section of a railway track. Specialized trolleys equipped with 

various measurement sensors were used in the field tests. The research was carried 

out in several hardware configurations using various measurement techniques. Then, 

designs for adjusting the track centerline were prepared for two parallel tracks. The 

adjustment results were verified with the track geometry included in the longitudinal 

track profile. Discrepancies between the existing document and the current track 

geometry were revealed. A new geometry was proposed to optimize the alignment of 

adjacent tracks. Conclusions were drawn regarding the selection of the optimal 

inventory measurement technique. 
 

Keywords: analysis of track axis geometry, trolley railway track measurement 

system, track realignment and rectification, GNSS Surveying, RTK-RTN surveying, 

railway track deformation. 
 

1  Introduction 
 

Maintaining existing and building new railway lines requires maintaining high 

functional and construction technical standards. A correctly prepared design for a new 

or revised track system of individual lines and junctions is also important. The 

construction and subsequent operation of railway lines, as well as the supervision and 

ensuring the safe operation of rolling stock, require the cooperation of specialists from 

many industries. Specialists, having appropriate knowledge, skills and competences, 
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use modern tools in their professional practice, guaranteeing reliability and 

effectiveness in carrying out tasks. These are most often appropriate computer 

programs supporting the design, construction, analytical and maintenance work of 

railway lines [1, 2, 3, 4]. Equally important are measurement systems equipped with 

sensors for collecting data on the condition of infrastructure [5,6,7,8,9,10], the 

location of rolling stock [11,12], as well as information on the location and geometric 

relations between objects [13, 14,15]. Surveying and diagnostic teams are most often 

responsible for obtaining this information. Progress in the development of mechanics, 

electronics and computer science, as well as the increasing requirements of device 

users, increase the importance of computer measurement systems. The use of 

computers enables unattended operation of systems and automation of measurement 

activities. 
 

Performing measurement tasks related to determining the geometry of a railway 

track requires access to specialized equipment based on, among other things, 

measurement trolleys. There are several leading manufacturers offering railway 

measurement trolleys on the market. These include companies such as Amberg, 

Trimble, Leica, and Topcon. Individual manufacturers offer single and double-trolley 

systems, which employ various measurement sensors. These can include: electronic 

tacheometers, GNSS receivers, laser scanners, range finders, digital cameras, inertial 

measurement systems (INS), odometers, sensors for measuring track gauge and rail 

height differences [16, 17, 18]. 
 

The selection of the appropriate measurement technique and equipment impacts 

the achievable accuracy in determining the coordinates of measured points. For tasks 

requiring millimeter-level precision in determining the track centerline coordinates, 

such as geodetic support for track and switch tamping, specialized solutions are 

employed. Track measurement for centerline realignment design and subsequent 

control of the tamped track is performed using measurement trolleys and precise 

tacheometers with servo-motors tracking a moving reflector. Single-trolley solutions 

are most commonly used, where the tacheometer is mounted on a tripod off the track, 

while the reflector is placed on the trolley. Alternatively, a two-trolley method can be 

employed, with one trolley equipped with a tacheometer and the other with a reflector. 

The operating principle of the two-trolley method is based on the long chord 

technique, ensuring high accuracy in determining the track centerline coordinates. The 

two-trolley technique is particularly recommended for geodetic support of tamping 

machines on high-speed lines due to its high precision in determining the track 

centerline position. This enables the maintenance of the required geometric 

parameters necessary for safe operation of high-speed trains. 
 

For this reason, in the studies of track centerline geometry, the decision was made 

to employ the latest single and double-trolley systems based on tacheometric 

measurements. The obtained results were used to verify the possibility of applying the 

GNSS satellite measurement method for design and maintenance purposes, including 

track centerline realignment. Additionally, track centerline realignment projects were 

prepared for two parallel tracks located on the studied section. The realignment results 

were verified against the track geometry contained in the longitudinal track profile. 
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Discrepancies were revealed between the existing document and the actual track 

geometry. A new geometry was proposed to optimize the alignment of the adjacent 

tracks. Conclusions were drawn regarding the selection of the optimal inventory 

measurement technique. 
 

 
 

 

 
 

 

 

2  Characteristics of the Experimental Track and Established 

Geodetic Control Network 
 

The research work was carried out in Poland on the double-track, electrified 

mainline no. 133 Dąbrowa Górnicza Ząbkowice - Kraków Główny (section Dąbrowa 

Górnicza Ząbkowice - Dąbrowa Górnicza Huta Katowice) in the kilometer range 

1.500 - 1.700 with an extension to the nearest traction poles. The selected section is 

characterized by the following features: 

− It consists of 2 tracks located near the Dąbrowa Górnicza - Ząbkowice railway 

station. 

− Track no. 1 is located on a straight line, while track no. 2 is located on a broken 

straight line rounded by a curve. 

− Railway switches are present on each track. 

− Steel pins forming part of the special railway control network were mounted on 

traction poles, in accordance with the Ig-6 Standard [19]. 

− Along the line, three points of the horizontal geodetic control network were 

stabilized and measured; with alternating stabilization of points on both sides of 

the track at distances of approximately 100 - 150 m between points. Subsequently, 

a GNSS satellite measurement and coordinate adjustment were performed for the 

stabilized points. 
 

 
 

 

 

Before proceeding with the track centerline measurement, the coordinates of the 

special railway control network were determined. For this purpose, ground points 

numbered 133001.50, 133001.60, and 133001.76 were stabilized in the field, and then 

a static GNSS measurement was performed. The measurement was carried out with 

three GNSS receivers during a single measurement session lasting a minimum of 60 

minutes. Post-processing of the GNSS vectors was performed using Leica Infinity 

software. 
 

 

 
 

 

The spatial accuracy of the worst determined point in the network was 2.3 mm, 

while the horizontal component has an accuracy below 1 mm. A summary of the 

GNSS vector adjustment results is presented in Table 1. 
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Point No. 
Point 

Role 
Y (East) [m] 

X (North) 

[m] 

Orthometric 

Height [m] 

3D 

Acc. 

[m] 

2D 

Acc. 

[m] 

1D 

Acc. 

[m] 

133001.50 Adjusted 6589451.193 5580601.949 294.082 0.0023 0.0007 0.0021 

133001.60 Adjusted 6589438.296 5580507.707 294.578 0.0023 0.0008 0.0022 

133001.76 Adjusted 6589417.362 5580341.395 295.010 0.0016 0.0009 0.0014 

DABR 

Fixed 

3D 6589442.284 5581201.573 303.324 - - - 

JAWORZNO 

Fixed 

3D 6591183.274 5569213.305 281.127 - - - 

KATOWICE

-LIGOTA 

Fixed 

3D 6569907.743 5565294.237 290.449 - - - 

TRZEBINA 

Fixed 

3D 6604063.675 5558521.431 305.959 - - - 

Table 1: Summary of GNSS Vector Adjustment Results. 
 

In accordance with the guidelines contained in the Ig-6 Standard, the points 

measured using GNSS technology were densified with points stabilized on traction 

poles constituting the special railway control network. The measurement was 

performed using the angle-distance method, tied to 3 points of the detailed control 

network stabilized along the measured section. Each of the determined points of the 

railway control network was measured from at least two tacheometric stations. The 

angle-distance observations were adjusted in commercial software (GEONET) using 

the least squares method, adopting 3 points determined by the GNSS method as fixed 

reference points. As a result of the control network adjustment, the following 

coordinate accuracies of the special railway control network points were obtained: 

− Average position error p(avg): 0.0011 m 

− Maximum position error p(max): 0.0013 m 
 

To determine the heights of the special railway control network points, a leveling 

measurement was performed, tied to the points determined by the GNSS method. The 

misclosure of the leveling loop was 1 mm. The point heights were adopted as the 

average of two measurements in the forward and backward directions. 
 

3  Measurements on the Test Track Section 
 

The field research involved the application of various measurement techniques to 

determine the track geometry. It was conducted on the characterized section. Both 

measurement cycles were performed on the same day, with approximately a 2.5-hour 

break between cycles. During this time, there was a change in the satellite 

configuration, and the research work was carried out under different measurement 

conditions. 
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The following devices and measurement systems were used in the surveying works: 

− Trimble S8 electronic tacheometer (accuracy: 1" for angle measurements, ±1 mm 

+ 1 mm/km for distance measurements to the reflector) 

− Trimble DiNi digital level (height determination accuracy: 0.3 mm) 

− Trimble GEDO CE 2 trolley system for track measurements, consisting of a prism 

trolley and a tacheometer trolley 

− Two GNSS receivers (with controllers and poles) intended for RTK and RTN 

kinematic measurements – Leica GS18 T 
 

The test track section was measured using several techniques. A brief description of 

each is provided below: 
 

 

 

3.1  Track Measurement Using the Tacheometric Method with the 

GEDO Rec Single-Trolley System 
 

In this method, the measurement of the track layout is carried out using a tacheometer 

set up outside the track. During the field tests, a mounting bracket for the tacheometer 

on the traction poles was used. 
 

During the tests, observations were made of the reflector located on the prism 

trolley. As a result of the measurement, the XYZ coordinates of the rail tracks along 

with the track centerline were obtained, as well as the values of cant and clearance in 

each measured cross-section. Each station was determined from at least 3 points of 

the special railway control network. 
 

 
 

 

3.2  Track Measurement Using the Two-Trolley Method with the 

GEDO Vorsys System 
 

In this method, the measurement of the track layout is carried out by referencing a 

chord, determined based on points from the special railway control network. In the 

first phase, the tacheometer trolley is positioned on the track opposite the control 

network point. The tacheometer performs measurements, including determining the 

distance and height difference between the first chord point on the track and the 

control network point. Subsequently, the tacheometer trolley moves to the second 

point (end) of the chord (approximately 120 m) and is positioned opposite the control 

network point. Then, a similar measurement is performed, involving sighting the 

tacheometer telescope onto the control network point located perpendicular to the 

trolley's position. In this way, the chord is defined, with respect to which the geometry 

of the track centerline is determined. Finally, the tacheometer is aimed at the reflector 

located on the prism trolley, set up at the first chord point. This procedure defines the 

parameters of the chord. After the chord is established, the prism trolley moves 

towards the tacheometer trolley, performing measurements at specified locations. The 

results of the measurement are the XYZ coordinates of the rail tracks along with the 

track centerline, as well as the cant and clearance values for the given cross-section. 
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3.3  GNSS Satellite Track Measurement 
 

Depending on the measurement method used, the location of the prism reflector and 

GNSS antenna varied. In the case of single-trolley GedoRec measurements, the 

reflector was positioned above one of the rail threads. Then, the GNSS satellite 

receiver antenna could be mounted on a hand-held pole near the track centerline. 
 

For two-trolley VorSys measurements, the reflector was located above the track 

centerline. In this case, the GNSS satellite receiver antenna could be permanently 

mounted on a column above one of the rail threads. 
 

 

4  Assumptions Adopted for the Analysis of the Results 
 

For the purposes of analyses, specific rules were adopted for numbering points. Each 

station consists of a sequence of letters and numbers that uniquely identifies: the 

location, measurement method, series, track number, and station number. The 

numbering rules are outlined below: 
 

Location RTN Method Trolley Method Track 

No. 

Series Point 

No. 

D - Dąbrowa 

Górnicza 

T – Hand-held pole R - GedoRec (1 

trolley) 

1 I 1 

W – Rigid column on 

trolley 

V - VorSys (2 

trolleys) 

2 II 2 

 

Examples: 
 

DT1II.120 - Dąbrowa Górnicza section, GNSS RTN measurement with hand-held 

(leveled) pole, Track 1, Series II, Cross-section Point 120. 
 

DV2I.40 - Dąbrowa Górnicza section, VorSys measurement (2 trolleys), Track 2, 

Series I, Cross-section Point 40. 
 

For the purpose of analyzing the accuracy of measurements performed by all 

techniques, it was necessary to recalculate the coordinates of the geometric center of 

the prism reflector and the phase center of the antenna to the track centerline. 

Therefore, it was necessary to know the geometric relationships between the track 

centerline and the trolley, as well as the prism reflectors and GNSS antennas. The 

GedoRec measurement system software, as well as VorSys, automatically recalculates 

the coordinates of the geometric center of the prism reflector to the track centerline 

and the right and left rails. The GNSS antennas used were not an integral part of the 

measurement system. For this reason, the coordinates of the phase center of the 

antenna had to be recalculated independently. 
 

The final coordinates of the track centerline points were loaded into specialized 

software supporting the design of railway tracks. One of the most popular programs 

for designing conventional and high-speed rail tracks was selected. The software was 

used to prepare a project for track centerline realignment in the horizontal plane and 

to determine the values of track shifts in individual cross-sections. 
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Having the coordinates of the track centerline from all methods and measurement 

series, as well as information about the geometry of both tracks, it was possible to 

proceed with the preparation of track centerline realignment projects. As many 

projects had to be prepared as there were sets of coordinates. Each track was measured 

using four methods, and each method was performed in two series. In total, 8 

realignment projects had to be prepared for a single track. Therefore, 16 projects were 

prepared for the studied section, which were compared with each other. 
 

The calculations of the geometric parameters of the track were performed by fitting 

the designed geometry of the centerline into the set of points measured at the cross-

sections. During the fitting of the geometry, a multi-element regression analysis was 

applied. The following assumptions were made in the calculations: 
 

− Maintaining the geometric parameters closest to the existing track centerline, 

− The radius of the circular arc and the length of the transition curve not less than the 

values given in the track centerline realignment lists or on the longitudinal profile, 

− Maintaining curvature continuity for individual track sections, 

− Minimizing shifts of the existing track centerline, 

− Maintaining the construction clearance. 
 

The result of a correct fitting of geometric elements in the horizontal plane is a 

report. Its content is divided into parts characterizing individual components of the 

track geometry. 
 

It was assumed that the reference method for comparing other track inventory 

methods would be the measurement from the VorSys two-trolley method. In this 

method, both a tacheometric trolley and a reflector trolley are used. The method used 

here is based on the long chord method, identical to the one used by high-performance 

track machines, such as the EM-SAT by Plasser & Theurer. Due to the high accuracy 

of determining the coordinates of the track centerline, this technique is particularly 

recommended for geodetic support of tamping machines on high-speed lines. 
 

 

 

5  Analysis of Track Measurements on the Studied Section 
 

Information on the geometry of sections of track No. 1 and 2, located on line 133, can 

be read from the longitudinal profile of line 133: Dąbrowa G. Ząbkowice - Kraków 

Gł. Osobowy, as well as from the handover and acceptance protocols for track 

centerline realignment. Both documents show that: 
 

− Track No. 1 (from km 1+493.90 to km 1+702.72) is a straight section in the plan, 

− Track No. 2 (from km 1+492.83 to km 1+702.34) in the plan consists of a straight 

section, a rounding curve, and a straight section. 
 

Comparison of both documents reveals discrepancies in the data for track 2. The 

differences concern the geometric parameters of the circular arc in the plan 

(longitudinal profile: R = -3150 m; D = 40 m vs. Handover and acceptance protocol: 

R = -20000 m; D = 43.10 m). Additionally, discrepancies in the longitudinal profile 



 

8 

 

for both tracks were observed. They concern differences in the kilometrage of the 

profile bends, as well as the length of the longitudinal profile sections. 
 

 
 

 

 

5.1  Analysis for Track No. 1 
 

The project for realignment the straight section of Track No. 1 aimed to minimize the 

shifts of the existing track centerline. From the report for the VorSys two-trolley 

method from the first measurement series - DV1I, it follows that the analyzed section 

of Track No. 1 is 200.008 m long. A regression line was fitted into it, assuming 

minimization of shifts and equal weight for each point. As a result, a fit was obtained 

with maximum horizontal shifts of +9 mm (points at kilometrage 1528.753 and 

1698.880) and -9 mm (point at kilometrage 1608.903). A realignment project was also 

prepared for the second measurement series for the VorSys two-trolley method - 

DV1II. The report shows that the analyzed section of Track No. 1 is 200.013 m long. 

A regression line was fitted into it, assuming minimization of shifts and equal weight 

for each point. As a result, a fit was obtained with maximum horizontal shifts of +8 

mm and +9 mm (points at kilometrage 1528.750 m and 1698.880 m, respectively) and 

-8 mm (point at kilometrage 1608.901 m). 
 

Comparing the shifts for all points/cross-sections, it can be seen that both series, 

performed completely independently a few hours apart, are characterized by high 

accuracy and repeatability of results. The differences in shifts reach single millimeter 

values. However, it should be noted that any differences in coordinates in individual 

series and measurement methods affect the azimuth (direction) of the tangent of the 

analyzed section. In the case of regression lines in the DV1I and DV1II methods, the 

difference in tangent directions is 4cc. This means that for straight lines with a length 

of 200 m, the maximum distance between them can be 1.4 mm. 
 

The results obtained from the VorSys two-trolley measurement confirm the 

possibility of using them as reference data for comparative analyses of other 

measurement methods. It was decided that the data from the DV1I method would be 

the reference for further analyses. 
 

The track measurement by each of the tested methods was carried out at cross-

sections marked on one of the rail threads. During the measurement, an attempt was 

made to stop the trolley over the vertical line indicating the track division at 5-meter 

intervals. It was drawn on the outer, vertical surface of the rail head. The accuracy of 

positioning the trolley over the measurement cross-section ranged from a few 

millimeters to single centimeters. Therefore, the situational coordinates X, Y from 

different methods and measurement series were not compared. Instead, it was decided 

to compare the data from the realignment projects. In the case of Track No. 1, the 

distances between the regression line from the DV1I method and the regression lines 

fitted into the individual methods and measurement series were analyzed. Table 2 

summarizes the basic descriptive statistics for the calculations performed. Figure 1 

provides a graphical illustration of the results. 
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 DV1II DR1I DR1II DT1I DT1II DW1I DW1II 

Minimum -0.001 -0.016 -0.004 -0.004 -0.006 -0.012 -0.011 

Maximum 0.001 0.011 -0.001 -0.003 0.003 -0.004 -0.008 

Median 0.000 -0.002 -0.003 -0.004 -0.002 -0.008 -0.009 

Mean 0.000 -0.002 -0.003 -0.004 -0.002 -0.008 -0.009 

Standard Deviation 0.000 0.008 0.001 0.000 0.003 0.002 0.001 

Table 2. Basic descriptive statistics for the distances between realignment projects 

for Track No. 1 (results in meters). 

 

 
 

Figure 1. Distances between the regression line from the DV1I method and the 

regression lines fitted into the individual methods and measurement series. 
 

The analysis of the graph and descriptive statistics allows drawing several 

important conclusions: 
 

− The results for the DR1I method are outliers due to a slight change in the reference 

direction, hence the distance differences are in the range from -16 mm to +11 mm. 

− The mean values calculated for the distances from the realignment projects for 

DW1I and DW1II are -8 mm and -9 mm with standard deviations of 2 mm and 1 

mm, respectively; therefore, a future correction of the PC point eccentricity with 

respect to the rail/track centerline by 8÷9 mm will be necessary. 

− In trolley measurements, the standard deviations do not exceed 1 mm (except for 

the DR1I method). 

− The standard deviations for satellite methods do not exceed 3 mm (handheld pole) 

and 2 mm and 1 mm (pole on a column). 

− Excluding the DR1I method, it can be observed that in all trolley methods and 

series, the distance spread does not exceed 3 mm, while for satellite methods it is 

9 mm (handheld pole) and 8 mm (pole on a column). 
 

5.2  Analysis for Track No. 2 
 

The longitudinal profile of Line 133: Dąbrowa G. Ząbkowice - Kraków Gł. Osobowy 

and the handover and acceptance protocols for track centerline realignment indicated 

that Track No. 2 in the plan consists of a straight section, a rounding curve, and a 

straight section. However, the information contained in the longitudinal profile and 
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the handover and acceptance protocols differed, so a verification of the geometry was 

necessary. 
 

 

First, a curvature graph was generated for the analyzed section using the 

coordinates from the Vorsys two-trolley measurement series DV2II. Unfortunately, 

the shape of the curvature graph did not allow for the identification and selection of 

sections with curved sections. Therefore, the distance (track spacing) between the 

DV1I and DV2I measurements was calculated. 

 

The results of the distance (track spacing) between the DV1I and DV2I 

measurements showed that the geometry of the measured track did not match the data 

from the handover and acceptance protocols and the longitudinal profile. Despite the 

discrepancies in the data, it was decided to attempt to prepare a realignment project 

using the parameters specified in the documentation. In all cases where a single 

circular arc with different radii was assumed, the software reported a lack of a solution 

and the inability to maintain continuity of curvature between the individual sections 

of the route. 
 

 

It was decided to look for another solution that would better correspond to the 

geometry of the measured section, while taking into account the turnouts installed in 

the track. In the project based on the data from the DV2I measurement method, the 

maximum displacements were within the range of -7 mm to +5 mm. Importantly, the 

first and last cross-sections of the section fit into the existing track, as the 

displacements at these points are zero. Ultimately, the best fit of the geometry was 

adopted for further analysis. 
 

 

Analogous to the calculations performed for Track No. 1, it was decided to 

compare the data from the realignment projects. For Track No. 2, the distances 

between the realignment project for the track centerline measured by the DV2I method 

and the realignment projects implemented for the other measurement methods and 

series were analyzed. Table 3 summarizes the basic descriptive statistics for the 

calculations performed. Figure 2 provides a graphical illustration of the results. 

 

 

 

 
 

 DV2II DR2I DR2II DT2I DT2II DW2I DW2II 

Minimum -0.001 -0.016 -0.004 -0.008 -0.008 -0.009 -0.011 

Maximum 0.000 0.010 0.005 0.008 -0.005 0.006 0.003 

Median -0.001 0.004 0.002 0.004 -0.006 0.002 -0.002 

Mean -0.001 0.000 0.001 0.002 -0.006 0.000 -0.003 

Standard Deviation 0.000 0.008 0.003 0.005 0.001 0.005 0.004 

Table 3. Basic descriptive statistics for the distances between realignment projects 

for Track No. 2 (results in meters). 
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Figure 2. Distances between the regression line from the DV2I method and the 

regression lines fitted into the individual methods and measurement series. 
 

The analysis of the graph and descriptive statistics allows for the following 

conclusions: 

− The results for the DR2I method are outliers due to a slight change in the reference 

direction; as a result, the distance differences are in the range of -16 mm to +10 

mm. 

− In the bogie-based measurements, the standard deviations do not exceed 3 mm 

(except for the DR2I method). 

− The average values calculated for the distances from the realignment projects for 

the satellite measurement methods do not exceed -6 mm (hand-held pole) and -3 

mm (pole on a rigid column). 

− The standard deviations for the differences for both satellite measurement methods 

do not exceed 5 mm and 1 mm (hand-held pole) and 5 mm and 4 mm (pole on a 

column). 

− Excluding the DR1I method, it can be observed that in all bogie-based methods 

and series, the scatter of distances does not exceed 9 mm, while for the satellite 

methods it is 16 mm (hand-held pole) and 15 mm (pole on a column). 
 
 

 

6  Analysis of the Surveyed Track Height 
 

The calculations of the height and the analyses of the accuracy of their determination 

were performed similarly to the analyses of the positional measurements. The data 

sets were separated into the two tracks. Comparisons were made between the series 

for the same measurement techniques, but also between the individual inventory 

measurement techniques. 
 

In the single-trolley GedoRec measurements, it was possible to set up the GNSS 

antenna on a pole held and leveled by hand. In the case of the two-trolley VorSys 

measurements, the GNSS antenna was mounted rigidly on a column. Thanks to the 
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measurement methods used, natural pairs for comparisons emerged: GedoRec - pole 

held by hand and VorSys - pole on a column. 
 

Since the observations in two independent methods were recorded simultaneously 

at a single trolley stop in a given cross-section, there was no need to prepare 

realignment projects for the leveling. It was sufficient to compare the heights directly. 

Of course, to make this possible, geometric reductions had to be introduced, taking 

into account the position of the GNSS antenna phase center and the geometric center 

of the prism reflector. 
 
 

6.1  Analyses for Track No. 1 
 

First, analyses were performed for the single-trolley set (GedoRec). Table 4 below 

lists the basic descriptive statistics for the height differences between the two series 

of the same measurements, as well as the height differences obtained from 

independent measurement methods: the GedoRec single-trolley set and the GNSS 

measurement with the antenna mounted on a pole held by hand. Figure 3 contains a 

graphical illustration of the results. 
 

 

Height differences between series and measurement methods [m] 

DR1I - DR1II DT1I - DT1II DR1I - DT1I DR1II - DT1II 

Minimum -0.004 -0.035 -0.006 -0.016 

Maximum 0.004 0.006 0.016 0.009 

Median -0.001 -0.006 0.004 -0.001 

Mean -0.001 -0.006 0.004 -0.002 

Standard Deviation 0.002 0.008 0.005 0.006 

Table 4. Basic descriptive statistics for height differences between two series of the 

same measurements, as well as height differences obtained from independent 

measurement methods: the single-trolley GedoRec set and the GNSS measurement 

with the antenna mounted on a pole held by hand (results in meters). 

 

 
 

Figure 3. Line graphs for height differences between two series of the same 

measurements, as well as height differences obtained from independent 

measurement methods: the single-trolley GedoRec set and the GNSS measurement 

with the antenna mounted on a pole held by hand. 
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The analysis of the graph and descriptive statistics allows us to draw several 

important conclusions: 
 

− the results for the height differences obtained from the comparison of the series for 

the trolley method DR1I and DR1II are fully satisfactory. The mean is -1 mm, and 

the standard deviation is 2 mm, 

− the results for the height differences obtained from the comparison of the series for 

the GNSS satellite method: DT1I and DT1II are not satisfactory; the mean is -6 

mm, and the standard deviation is 8 mm; the minimum value for one of the points 

is as much as -35 mm; and it is this single value that has a key impact on the results; 

in other cases, the differences do not exceed 16-17 mm, 

− the results of statistical analyses for the differences between the individual methods 

(trolley and pole-mounted antenna) reach values of -2 mm and +4 mm for the 

means and 5 mm and 6 mm for the standard deviations, 

− disregarding one outlier value for the satellite measurement method, it can be stated 

that the comparison of height differences between the two independent 

measurement techniques does not exceed the range from -16 mm to +9 mm. 
 

The next analysis covered the measurements with the two-trplley set (VorSys). The 

analysis of the descriptive statistics allows us to draw several important conclusions: 
 

− the results for the height differences obtained from the comparison of the series for 

the trolley method DV1I and DV1II are fully satisfactory. The mean is 0 mm, and 

the standard deviation is 1 mm, 

− the results for the height differences obtained from the comparison of the series for 

the GNSS satellite method: DW1I and DW1II are satisfactory. The mean is -3 mm, 

and the standard deviation is 3 mm. The minimum value for one of the points is -

16 mm, and for the next one -13 mm. The remaining values do not exceed +/-9 

mm, 

− the results of statistical analyses for the differences between the individual methods 

(trolley and column-mounted antenna) reach values of 6 mm and 3 mm for the 

means and 4 mm for the standard deviations, 

− comparing the height differences between the two independent measurement 

techniques, it can be stated that the scatter is within the range from -5 mm to +15 

mm. 
 

 
 

 

 
 

6.2  Analyses for Track No. 1 
 

First, analyses were performed for the single-trolley set (GedoRec). The height 

differences were calculated between the two series of the same measurements, as well 

as the height differences obtained from independent measurement methods: the 

single-trolley GedoRec set and the GNSS measurement with the antenna mounted on 

a pole held by hand. The analysis of the descriptive statistics allows us to draw the 

following conclusions: 
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− the results for the height differences obtained from the comparison of the series for 

the trolley method DR2I and DR2II are fully satisfactory. The mean is 1 mm, and 

the standard deviation is 1 mm, 

− the results for the height differences obtained from the comparison of the series for 

the GNSS satellite method: DT2I and DT2II are also satisfactory; the mean is 2 

mm, and the standard deviation is 5 mm; the minimum value is -10 mm, and the 

maximum is 14 mm, 

− the results of statistical analyses for the differences between the individual methods 

(trolley and pole-mounted antenna) reach values of -1 mm and 0 mm for the means 

and 4 mm and 6 mm for the standard deviations, 

− comparing the height differences between the two independent measurement 

techniques, it can be stated that the scatter does not exceed the range from -13 mm 

to +12 mm. 
 

The next analysis covered the measurements with the two-trolley set (VorSys). The 

analysis of the descriptive statistics allows us to draw several important conclusions: 

− the results for the height differences obtained from the comparison of the series for 

the trolley method DV2I and DV2II are fully satisfactory. The mean is 0 mm, and 

the standard deviation is 1 mm, 

− the results for the height differences obtained from the comparison of the series for 

the GNSS satellite method: DW2I and DW2II are not satisfactory. The mean is 3 

mm, and the standard deviation is 7 mm. The minimum value is -19 mm, and the 

maximum is 19 mm, 

− the results of statistical analyses for the differences between the individual methods 

(trolley and column-mounted antenna) reach values of 2 mm and 4 mm for the 

means and 5 mm and 7 mm for the standard deviations, 

− comparing the height differences between the two independent measurement 

techniques, it can be stated that the scatter is within the range from -11 mm to +21 

mm. 
 

 

7  Conclusions 
 

The results obtained on the experimental track section allow us to draw several 

conclusions, which are presented in relation to the individual measurement methods. 
 

Two-trolley set (VorSys) measurements, which use a reflector trolley and a trolley 

equipped with a precise electronic tacheometer, guarantee the highest accuracy in 

determining spatial coordinates. Analysis of the planar rectangular coordinates X, Y 

indicates that the comparison of the track alignment designs for both DV1I and DV1II 

series, performed independently a few hours apart, is characterized by high accuracy 

and repeatability of results. The differences in displacements do not exceed ±1 mm. 

Similar conclusions can be drawn from analyzing the height measurements using the 

two-trolley VorSys method. In each case, the results for height differences obtained 

by comparing the trolley method series DV1I and DV1II are fully satisfactory. The 

mean is 0 mm, and the standard deviation is 1 mm. Simultaneously, this method is the 

most accurate among all those analyzed. The results obtained from the two-trolley 
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VorSys measurement confirm their applicability as reference data for comparative 

analyses of other measurement methods. 
 

Single-trolley GedoRec measurements, which use a reflector trolley while the 

precise electronic tacheometer is set up on a tripod, guarantee high accuracy in 

determining spatial coordinates. In analyzing the accuracy of planimetric 

measurements, single-trolley measurements were compared with two-trolley 

measurements. The analysis examined the differences in distances between the track 

alignment design for the DV1I method and the coordinates originating from single-

trolley measurements. The greatest variation in the observed values of the variable 

concerns the single-trolley GedoRec measurement of both tracks in Series I. This is 

evidenced by the large values of the standard deviation, minimum, and maximum. 

The specific distribution of differences shows the beginning of the section with 

maximum negative differences, transitioning to zero values in the middle of the 

section, and reaching maximum positive values at the end of the section. The probable 

cause of this result was measurement problems under difficult atmospheric and 

operational conditions on the track. Wind gusts from trains combined with falling 

snow and freezing rain slightly changed the direction of the measurement setup, 

resulting in a skew of the fitted regression line. In the second series of measurements 

using this method, the descriptive statistics give satisfactory results. Similar 

conclusions can be drawn from analyzing the height measurements using the single-

trolley GedoRec method. In each case, the results for height differences obtained by 

comparing the trolley method series DR1I and DR1II are fully satisfactory. The 

obtained results indicate the full suitability of the method for measuring track heights 

for the purpose of track alignment. The obtained results demonstrate the usefulness of 

the single-trolley GedoRec method for measuring track geometry for the purpose of 

track alignment. The basic statistics calculated for the planimetric measurement 

results show that the maximum and minimum values do not exceed -6 mm and 8 mm, 

respectively. However, it is necessary to frequently check the measurement setup. A 

decrease in measurement accuracy may be related to the close proximity of the 

tacheometer to the track, as passing trains and unfavorable atmospheric conditions 

can affect the change in the measurement setup and the leveling of the device. 
 

Measurement using a GNSS antenna and receiver mounted on a pole held by hand 

is the least comfortable and least accurate method. After positioning the trolley on the 

measured cross-section, the tip of the pole is each time applied to a strictly defined 

element of the trolley. In the described tests, it was a hole in the head of a hex bolt. 

Preparing the GNSS setup for measurement required setting the pole vertically. The 

setup should be held motionless during measurement. In the field tests, ten one-second 

measurement epochs were recorded. To increase measurement precision, the person 

operating the GNSS setup leaned the vertically positioned pole with the controller 

against themselves. The multi-hour measurement of the track section and the required 

stillness during observation recording constituted a significant physical strain on the 

person performing the measurements. Analyses of displacements (distances) between 

the track alignment design for Track 1 for the DV1I method and the coordinates 

originating from GNSS measurements using an antenna mounted on a hand-held pole 

are not fully satisfactory. In the DT1I measurement, the following descriptive 
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statistics were obtained: minimum value of -12 mm, maximum of 11 mm, mean of -5 

mm, and standard deviation of 6 mm. In the DT1II measurement, the minimum value 

was -17 mm, the maximum was 12 mm, the mean was -1 mm, and the standard 

deviation was 6 mm. Slightly better results of descriptive statistics are noted for the 

differences in distances between the analyzed methods. In the DT1I measurement, the 

minimum value was -8 mm, the maximum was 11 mm, the mean was 5 mm, and the 

standard deviation was 5 mm. In the DT1II measurement, the minimum value was -4 

mm, the maximum was 12 mm, the mean was 2 mm, and the standard deviation was 

5 mm. The results for Track 2 for the DV2I method and the coordinates originating 

from GNSS measurements using an antenna mounted on a hand-held pole are also not 

fully satisfactory. In the DT2I measurement, the minimum value was -16 mm, the 

maximum was 14 mm, the mean was 2 mm, and the standard deviation was 7 mm. In 

the DT2II measurement, the minimum value was -18 mm, the maximum was 1 mm, 

the mean was -6 mm, and the standard deviation was 5 mm. Slightly better results of 

descriptive statistics are noted for the differences in distances between the analyzed 

methods. In the DT2I measurement, the minimum value was -13 mm, the maximum 

was 12 mm, the mean was -3 mm, and the standard deviation was 7 mm. In the DT2II 

measurement, the minimum value was -5 mm, the maximum was 14 mm, the mean 

was 5 mm, and the standard deviation was 5 mm. The results for height differences 

obtained by comparing the series for the GNSS satellite method DT1I and DT1II are 

also not satisfactory. The mean is -6 mm, and the standard deviation is 8 mm. The 

minimum value for one of the points is as high as -35 mm. And it is this single value 

that has a crucial impact on the results. In other cases, the differences do not exceed 

16-17 mm. The results of statistical analyses for the differences between the individual 

methods (trolley and antenna on a pole) reach values of -2 mm and +4 mm for the 

means, and 5 mm and 6 mm for the standard deviations. Omitting one outlier value 

for the satellite measurement method, it can be stated that the comparison of height 

differences between the two independent measurement techniques does not exceed 

the range from -16 mm to +9 mm. 
 

Measurement using a GNSS antenna and receiver mounted on a rigid column 

placed on a trolley is very convenient. The constant and rigid construction means that 

the person performing the measurement only needs to focus on operating the GNSS 

receiver controller. In the field tests, ten one-second measurement epochs were 

recorded. To determine the coordinates of the GNSS antenna phase center, geometric 

reductions had to be applied to calculate the coordinates of the track centerline or one 

of the rails. The data for the reductions were the constant geometric parameters related 

to the trolley construction, but also the measured values of track superelevation and 

gauge. The aforementioned rigidity of the measurement construction ensured that the 

fieldwork was not only convenient but also guaranteed the maintenance of proper 

measurement geometry. The measurements were repeatable and not affected by errors 

of the person performing the measurements. In each case, the satellite measurements 

were less accurate than the trolley measurements. Comparing the satellite 

measurements RTN (hand-held pole and pole on a column), the measurements with 

the antenna rigidly mounted on the column are significantly more accurate. For the 

purposes of many accuracy analyses, track alignment designs were created. The data 
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in the analyses were sets of track centerline coordinates obtained from the individual 

measurement methods and series. One of the analyses was a comparison of the 

differences in displacements between the reference method DV1I and all other 

methods and measurement series. In measurements with the pole on the column, the 

standard deviations for the mentioned differences were 4 mm and 3 mm, depending 

on the series. In the case of Track 1 measurement, the spread was 14 mm and 16 mm. 

A comparative analysis of the alignment designs was also performed. The distances 

between the regression line from the reference method DV1I and the remaining 

regression lines fitted to the individual methods and measurement series were 

calculated. The mean values calculated for the distances originating from the 

alignment designs for DW1I and DW1II were -8 mm and -9 mm with standard 

deviations of 2 mm and 1 mm, respectively. An analysis of the height measurement 

results was also conducted. The results for height differences obtained by comparing 

the series for the GNSS satellite method DW1I and DW1II are satisfactory. The mean 

is -3 mm, and the standard deviation is 3 mm. The minimum value for one of the 

points is -16 mm, and for another, it is -13 mm. The remaining values do not exceed 

+/-9 mm. The results of statistical analyses for the differences between the individual 

methods (trolley and antenna on a column) reach values of 6 mm and 3 mm for the 

means, and 4 mm for the standard deviations. Unfortunately, worse results were 

obtained for Track 2. The results for height differences obtained by comparing the 

series for the GNSS satellite method DW2I and DW2II are not satisfactory. The mean 

is 3 mm, and the standard deviation is 7 mm. The minimum value is -19 mm, and the 

maximum is 19 mm. 
 

The conclusions formulated regarding GNSS satellite measurements and the 

obtained accuracies in determining the spatial coordinates of the track centerline refer 

to receivers from a specific manufacturer and a specific model. To extend these 

conclusions to other GNSS receivers, tests verifying the accuracy of those receivers 

would need to be conducted. 
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