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Abstract

:

The high-precision positioning and navigation of agricultural machinery represent a backbone for precision agriculture, while its worldwide implementation is in rapid growth. Previous studies improved low-cost global navigation satellite system (GNSS) hardware solutions and fused GNSS data with complementary sources, but there is still no affordable and flexible framework for positioning accuracy assessment of agricultural machinery. Such a low-cost method was proposed in this study, simulating the actual movement of the agricultural machinery during agrotechnical operations. Four of the most commonly used GNSS corrections in Croatia were evaluated in two repetitions: Croatian Positioning System (CROPOS), individual base station, Satellite-based Augmentation Systems (SBASs), and an absolute positioning method using a smartphone. CROPOS and base station produced the highest mean GNSS positioning accuracy of 2.4 and 2.9 cm, respectively, but both of these corrections produced lower accuracy than declared. All evaluated corrections produced significantly different median values in two repetitions, representing inconsistency of the positioning accuracy regarding field conditions. While the proposed method allowed flexible and effective application in the field, future studies will be directed towards the reduction of the operator’s subjective impact, mainly by implementing autosteering solutions in agricultural machinery.
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1. Introduction


The advancement of positioning and navigation technology using global navigation satellite systems (GNSSs) ensures its growing use in both precision agriculture and conventional farming [1]. These systems improved multiple aspects of agricultural production since their inception, most notably regarding the accuracy of agrotechnical operations, enabled working hours under lower visibility conditions, as well as lower fatigue for the workers [2]. Moreover, it became a cornerstone of all agrotechnical operations in precision agriculture, allowing precise navigation and implementation of pre-made crop sowing, fertilization, and crop protection prescription maps [3]. With Global Positioning System (GPS) and GLONASS fully operational on a global scale, as well as Galileo and Beidou being at the high level of operability, the future of GNSS application in farming will gradually offer more capabilities in the future [4].



The relative observation techniques using GNSS, most notably real-time-kinematic (RTK), provide corrections up to 2 cm for horizontal and up to 4 cm for vertical positioning accuracy [5]. This positioning accuracy ensures high performance for any agrotechnical operation in precision agriculture [6]. In Croatia, this service is provided by the Croatian Positioning Service (CROPOS), distributed nationwide and based on the 33 reference GNSS base stations [7]. However, due to its operating issues near country border areas due to the occasional loss of GPRS connection, as well as the availability of similar commercial positioning solutions, farmers tend to have difficulty in selecting the optimal solution for their needs. Among the present solutions, RTK corrections distributed via radio signal using base stations by individual farmers or local agricultural machinery suppliers are commonly used, as well as the Satellite-based Augmentation Systems (SBASs) data [8]. Among the agrotechnical operations, precision sowing usually demands the highest positioning accuracy [9], while agrotechnical operations, such as fertilization, tend to result in high-performance even with slightly lower positioning accuracy [10]. High requirements for precise positioning were also noted in previous studies for soil tillage and crop harvesting [11]. Therefore, it is mandatory for farmers to know the necessary positioning accuracy per agrotechnical operation and the exact capabilities of available GNSS corrections in their local area for maximum cost efficiency [12].



The latter often highly varies and is subjected to various factors, such as the condition of the GNSS receiver and communication with the base station for transmission of RTK corrections [9], as well as the distance from the base station [13]. Some of these parameters vary within the country or relative location to the base station, so these should be evaluated within the local operating range of farmers. In order to ensure the widespread availability and affordability of this procedure, standardized and low-cost frameworks for GNSS positioning and navigation for agricultural machinery should be developed [14]. Previous studies successfully improved low-cost GNSS hardware solutions [15] and fusion with complementary data sources and methods [16]. However, there is no standardized approach for the accuracy assessment of GNSS positioning for agricultural machinery other than ISO standards, such as ISO 17123-8 for the GNSS RTK field measurement systems [17]. While these standards are useful in some disciplines, such as geodesy [18], they cannot be performed for GNSS receivers mounted on agricultural machinery without their detachment nor do they present actual field conditions during the agrotechnical operations. These standards also do not simulate the real trajectory during agrotechnical operations, containing both straight and curved sections. Therefore, to keep pace with the development of precise GNSS solutions and the advancement of precision agriculture, it is necessary to establish a widely available and low-cost accuracy assessment method for the positioning of agricultural machinery. To ensure repeatability of these methods, flexibility regarding the field capabilities for its implementation is also mandatory [19], as agricultural areas differ based on the agricultural land management systems worldwide. The low-cost property of such methods is important to provide a possibility of regular GNSS evaluation, even for small farmers [20], so they should not have additional costs besides GNSS receivers on agricultural machinery and RTK corrections.



The aim of this study was to propose such a low-cost, flexible, and straightforward method for the accuracy assessment of positioning using GNSS receivers mounted on agricultural machinery. Additionally, the objective was to develop a method that simulates the actual trajectory during agrotechnical operations, as well as it being easily performed regardless of the field conditions or location in the world.




2. Materials and Methods


2.1. Study Area


The study area is located in the municipality of Koška in eastern Croatia, which dominantly contains agricultural land traditionally used for intensive agricultural production. The trajectory for the assessment of GNSS positioning was projected on a paved track used for agricultural purposes, connected with an improvised roundabout (Figure 1). These properties simulated the actual movement of the agricultural machinery during the agrotechnical operations, evaluating the GNSS positioning accuracy on both straight and curved sections [21]. The total length of the projected trajectory was 506.97 m. All GNSS observations were georeferenced in the Croatian Terrestrial Reference System (HTRS96/TM).




2.2. GNSS RTK Corrections and Field Data Acquisition


A Trimble Ag25 dual-frequency GNSS receiver with a Trimble CFX-750 GNSS controller (Trimble, Sunnyvale, CA, USA) using GPS and GLONASS satellite data were used for GNSS observations (Figure 2). The GNSS positioning and navigation system was equipped on the agricultural tractor Case IH CS 105 PRO (Case IH, Racine, WI, USA), while the Trimble EZ-steer system (Trimble, Sunnyvale, CA, USA) ensured assisted guidance of the vehicle. The same assisted guidance solution minimized subjective steering errors by the operator, with the GNSS receiver dominantly producing positioning errors with a major variability in a previous study [11]. While inferior to the more expensive fully integrated autosteering solution, its practical effectiveness and consistency combined with RTK corrections in a similar application were noted [8]. EZ-steer was integrated and compatible with all evaluated GNSS corrections, applied for both straight and curved sections of the trajectory. The movement speed of the agricultural tractor was constantly 4 km h–1 for all repetitions, simulating the tractor movement speed during the agrotechnical operations, such as sowing and planting [22].



Three GNSS corrections and an absolute positioning method with the smartphone receiving GPS, GLONASS, and Beidou signals were used in the research. All GNSS observations representing the actual trajectory of the agricultural tractor were performed in one epoch, simulating the actual use of GNSS positioning and navigation during agrotechnical operations. Each positioning variant was performed in two repetitions to ensure repeatability of the proposed method, the lower effect of the operator’s subjective assessment, and lower effect of a particular constellation of GNSS satellites [23,24]. Previous studies successfully addressed these conditions either by performing fieldwork in a similar duration to this study under varying satellite constellations [4] or by applying few shorter consecutive repetitions [9].



The three GNSS corrections used included CROPOS, base station, and SBAS. CROPOS with High-Precision Positioning Service (VPPS) was used for RTK observation with the declared horizontal accuracy of 2 cm and vertical accuracy of 4 cm [7]. The GNSS positioning was performed using the 33 permanent base stations in Croatia, distributing mobile RTK corrections in RTCM 3.1 format. Base station variant represented GNSS positioning using the single base station, distributing radio RTK corrections [25]. A commercial solution by the major local agricultural company was used, being 18 km away from the study area. Similar solutions implemented in previous studies achieved a horizontal positioning accuracy up to 2 cm, while a relatively large distance from the base station to the rover is expected to produce a slightly lower accuracy [26]. SBAS is arguably the most widely implemented GNSS solution for agricultural machinery in Croatia due to its low cost, allowing horizontal precision accuracy in the range of 15–25 cm [27]. The European Geostationary Navigation Overlay Service (EGNOS) (European Space Agency, Paris, France) corrections were used in this study, while SBAS solutions are widely available worldwide depending on the location by similar services [28]. Mobile device GNSS positioning using the absolute positioning method was the last variant, as the most widely available method requiring only a smartphone and a free Android tracking app. It was used as a reference for the comparison to other GNSS corrections, with a declared positioning accuracy of more than 3 m [29].



The field observations were conducted on 12 September 2019, with the starting times of the repetitions shown in Table 1. The mission was planned with at least a two-hour difference between repetitions using the respective GNSS corrections to reduce the effect of a particular constellation on the positioning accuracy [30]. Geometric Dilution of Precision (GDOP) values were under a maximum tolerance of six during the entire study [31]. Mission planning was conducted using the Trimble GNSS Planning Online website (https://www.gnssplanning.com/, accessed on 12 October 2021). During the fieldwork, the number of visible GPS + GLONASS satellites ranged from 13 to 16, while four SBAS satellites were visible during the same time. An elevation mask of 10° was applied for GNSS observations. The total electron content (TEC) ranged from 10.19 to 11.21 during this study, with minimal variation during the individual repetitions.




2.3. Determination of the Projected Trajectory and Bias for the Actual Trajectory


The reference line was defined in the middle of the white road lane on the paved track, being measured every 5 m using 30-epoch GNSS RTK observations with CROPOS corrections (Figure 3). The average coordinates from the 30 epochs were calculated for each location to achieve the highest possible positioning accuracy of the projected trajectory while maintaining time and cost efficiency [32]. The projected trajectory was determined according to the properties of the chosen track and agricultural machinery, based on the offset from the reference line (1):


   o  total      = o    track      + o    machinery    



(1)







The    o  track     is the sum of corrections specific for the offset of the projected trajectory according to the properties of the study area. In this case, it represented half of the width of the central dividing line for unclassified tracks in Croatia, amounting to 0.060 m. The    o  machinery     is the sum of corrections specific for the offset caused by the dimensions of the agricultural machinery, its mechanical properties relative to the operator, and the placement of the GNSS antenna. A reference for the steering of the agricultural machinery in this study was determined using the width of the front left tire. Therefore,    o  machinery     equaled the length of the front semi-axle corrected by the tire width, which amounted to 0.675 m. A projected trajectory was determined according to the total offset    o  total     from the reference line, which was calculated as the sum of previously determined corrections and amounted to 0.735 m.



Fifty auxiliary points with equal relative distance were generated 10 m apart from each other on the projected trajectory and were used as a reference for the accuracy assessment of GNSS positioning (Figure 4). Accordingly, the positioning error per observation (    bias  i   ) was determined according to Equation (2):


    bias  i   =    Δ  E i    2   +  Δ  N i    2     =         ( E    pi        –   E    qi   )  2     + ( N    pi        –   N    qi    ) 2    ,  



(2)




where i represents one epoch of the GNSS observation, E and N represent the eastern and northern coordinates in the HTRS96/TM projection, p represents the observed location on the actual trajectory, and q represents the perpendicular location on the projected trajectory closest to the observed location p.



The statistical analysis of the observed GNSS field results was performed using R v4.0.3 in RStudio v1.3 (R Foundation, Vienna, Austria). The fundamental properties of two samples of bias determined for each of the repetitions were analyzed using descriptive statistics. Median values were used to evaluate the relationship of the actual GNSS accuracy in the field with the positioning accuracy declared by the provider of the corrections. Minimum and maximum values were used to establish a range of positioning accuracy, while the coefficient of variation (CV) quantified the variability of the positioning accuracy within the repetition. The lower CV values indicated a more uniform accuracy, which benefits the application of a particular GNSS correction in the field due to the increased repeatability [33].



The normal distribution of input samples was evaluated using the Shapiro-Wilk test to determine the suitability of a parametric (t-test) or non-parametric test (Wilcoxon test). The null hypothesis of the Shapiro-Wilk test that the tested GNSS positioning bias is normally distributed was rejected for every p value lower than 0.05 [34]. In these cases, the Wilcoxon non-parametric test was determined as optimal instead of the default selection of the parametric t-test. The difference from the median values of two samples created from the GNSS observations in two repetitions was tested to assess the repeatability of the positioning accuracy for the tested GNSS corrections [35]. A correlation matrix containing Pearson’s correlation coefficients for the evaluated pairs of GNSS positioning bias was used to determine the relationship of the tested GNSS corrections, allowing integrated observation of the positioning accuracy on straight and curved sections of the projected trajectory.





3. Results


The descriptive statistics of the GNSS observations for the total bias and its components per coordinates in HTRS96/TM are presented in Table 2. CROPOS corrections produced the most accurate GNSS positioning in both repetitions, followed by the base station. The smaller deviation from the projected trajectory for these corrections was observed for N coordinates, as the trajectory had a higher range of E coordinates. Tested GNSS correction variants produced higher positioning accuracy in the first repetition characterized with the lower GDOP, with the exception of SBAS. While moderate variability of the CROPOS and base station observations was noted, SBAS produced the lowest CV values of the positioning bias in both repetitions, indicating the most consistent GNSS observation. The mobile device produced the least consistent observations, having a positioning accuracy range from sub-centimeter accuracy up to more than 3 m. A comparative visual representation of the deviations of the tested GNSS positioning variants from the projected trajectory is presented in Figure 5.



The null hypothesis of the Shapiro-Wilk test was rejected for all tested samples, indicating that neither pair of samples observed with the same GNSS correction possessed a normal distribution of values (Table 3). Accordingly, a non-parametric Wilcoxon statistical test was selected for the evaluation of all GNSS observation samples.



The Wilcoxon test indicated that neither of the repetitions from respective GNSS corrections belong in the same population regarding the positioning bias and its components on E and N coordinates (Table 4). A display of the actual trajectories per GNSS correction and their relative location according to the projected trajectory is presented in Figure 6. The actual trajectories of all four GNSS variants were generally closer to the projected trajectory on straight sections, with the least matching on the most curved sections of the projected trajectory.



Positioning bias from the repetitions of particular GNSS corrections resulted in a high correlation for all four varieties, constantly producing values higher than 92% (Table 5). The strongest mutual relationship was observed between CROPOS and Base station observations, with a mean Pearson’s correlation coefficient of 0.948. SBAS also produced a relatively high correlation with both high-precision GNSS RTK corrections, while the mobile device produced a wide range of lower correlation values, indicating low repeatability of the positioning accuracy results.




4. Discussion


This study presented a low-cost method of GNSS positioning accuracy assessment for agricultural machinery, based on the commonly used GNSS corrections in Croatia. Its properties of straightforwardness and adaptability under various conditions in the study area meet the requirements of a potential basis for widespread global application [36]. Unlike available ISO standards for the evaluation of GNSS RTK receivers [17], it simulates the actual movement of the agricultural machinery during the agrotechnical operations, which has more practical importance for the farmers in their work. The majority of technological improvements and applications in precision agriculture are still largely focused on GNSS positioning and navigation, as the basis of all precise agrotechnical operations [37]. Its importance is described in many previous studies and its importance is expected to grow further [38]. Despite its availability and mentioned advantages, the proposed method at the current stage still has two main drawbacks:




	
The retained minor subjective impact of the operator on the GNSS positioning accuracy;



	
The lack of newly available GNSS corrections and multiple study areas.








The first disadvantage of the operator’s subjective impact on the reliability of GNSS observations occurs due to the imperfections regarding steering aim and reaction time [39]. The selection of EZ-steer justifies the selection of two repetitions due to assisted guidance and removal of the vast majority of steering subjective errors caused by the operator. This solution is cost-efficient but not perfectly reliable, which could be resolved with the more expensive use of an autosteering solution in future studies. Additionally, the fewer repetitions are user-friendly to farmers, being time-efficient regarding fieldwork and data processing, allowing the widespread and efficient implementation of the proposed method. However, more repetitions would produce more reliable results and farmers who prioritize additional accuracy over time efficiency should opt for more than two repetitions. These errors have a random character and a previous study indicated that these can be minimized in the process of statistical analysis [40]. The minor subjective assessment of the operator remains a disadvantage of the proposed method but ensures a time-efficient and low-cost property, which can be a priority to farmers. The proposed method is applicable with the autosteering solution, as D’Antonio et al. [8] noted the maximum retention of positioning accuracy by applied GNSS correction but also its practical constraints, because of which it might not be available to a wide range of farmers.



As another more expensive option, the possible upgrade of this method is the implementation of an automated procedure, simultaneously using two GNSS receivers mounted on the agricultural machinery. One GNSS receiver with maximum available accuracy GNSS RTK corrections could be used for an actual reference positioning, which corresponds to CROPOS in this study. The second receiver with GNSS corrections, which are evaluated in the process, coupled with autosteering to remove the effect of human error, could round up an upgraded version of the proposed method. Since the positioning accuracy of the reference receiver equals 2 cm horizontally [7], this approach will be optimal for the assessment of the performance of corrections up to 10 cm, such as SBAS. This approach does not require setting up a projected trajectory, which makes it even more flexible for widespread application. However, this is not a low-cost method and is time-expensive due to the necessity of coupling two GNSS receivers in the same agricultural machinery [41].



While this study covered the most commonly used GNSS corrections for farming purposes in Croatia, the second disadvantage is based on the current lack of testing of the reliability of the proposed method using the additional corrections and study areas. The novel GNSS corrections offer upgrades to the ones tested in this study regarding the global availability and no need for a second GNSS receiver other than the rover [42]. The potential of Trimble RTX [6] and Precise Point Positioning (PPP) [4] was recognized in previous studies for GNSS positioning and navigation in farming. Therefore, their implementation is planned to be evaluated using the proposed method in future studies. The positioning accuracy for tested GNSS corrections declared by its suppliers was determined under conditions that do not correspond to the ones in the field during agricultural operations [43]. Among several factors, this refers to the observation of multiple epochs using the stationary GNSS receiver and observation under uniform conditions. Since the GNSS positioning accuracy under common field conditions in farming is subjected to other secondary effects, such as the availability of mobile Internet [44], or distance to the base station [45], every farmer should at times test the performance of GNSS receivers mounted on agricultural machinery. The distance from the rover to the base station exceeding the one recommended by producers is a particularly frequent case in eastern Croatia, as was the case in this study. While CROPOS solves this issue by calculating the virtual reference stations, the commercial solutions provided by the local agricultural suppliers often rely on a simpler approach, which does not negate the effects of relatively large base-rover distances [46]. The GNSS constellation also affected GNSS positioning accuracy in this study, as observations using CROPOS and base station in the first repetition produced higher positioning accuracy with lower GDOP and TEC compared to the second repetition. The GNSS positioning accuracy results from all four GNSS variations indicated that the farmers could not expect either a positioning accuracy as declared by its suppliers nor uniform and constant values. Therefore, to ensure reliability for agrotechnical operations requiring higher positioning accuracy, such as sowing and planting, high-precision corrections are recommended [4], such as using CROPOS and base station.




5. Conclusions


To match the technological improvement of the low-cost GNSS positioning and navigation solutions regarding hardware development and advanced processing methods, this study proposed the low-cost positioning accuracy assessment method. Besides its affordability for farmers worldwide, its flexibility and straightforwardness allow for the regular examination of GNSS receivers mounted on agricultural machinery without its detachment and in actual field conditions. Present ISO standards for GNSS RTK accuracy assessment cannot be fulfilled adequately and are not suitable for the receiver mounted on agricultural machinery nor do they represent actual field conditions during agrotechnical operations. While the proposed method still has a slight disadvantage of the operator’s subjective impact, various approaches are possible to further reduce this issue. The most suitable ones are an increased number of repetitions and longer trajectory to retain the low-cost property of the method, while the implementation of autosteering would completely remove this impact but requires additional investments.



As the positioning accuracy assessment results based on the four of the most commonly used GNSS corrections in Croatia indicated, the GNSS observations under actual field conditions during agrotechnical operations can produce lower accuracy compared to their declared positioning accuracy. Additionally, some site-specific conditions, such as the availability of mobile Internet signal and the distance to the base station, could produce heterogenous GNSS positioning accuracy, even within a county or a municipality. Therefore, greater emphasis should be put on the local properties and multiple study areas for the assessment of GNSS positioning accuracy in both professional farming activities and future scientific work. Resolving these issues will be a subject of future studies to provide more reliable insight into the current solutions for GNSS positioning and navigation for agricultural machinery under various field conditions.
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Figure 1. Study area and the trajectory for the accuracy assessment of GNSS RTK corrections. 
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Figure 2. The equipment used for the research: (a) Case IH CS 105 PRO agricultural tractor, (b) Trimble Ag25 GNSS receiver with the CFX-750 controller. 
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Figure 3. Definition of the projected trajectory according to the reference line. 
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Figure 4. Determination of GNSS positioning accuracy according to the projected trajectory. 
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Figure 5. A comparative visual representation of deviations from the projected trajectory for four tested GNSS positioning variants. 
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Figure 6. Actual trajectories per GNSS correction in two repetitions and their location according to the projected trajectory, with an enlarged display of the connection of straight and curved sections. 






Figure 6. Actual trajectories per GNSS correction in two repetitions and their location according to the projected trajectory, with an enlarged display of the connection of straight and curved sections.



[image: Applsci 12 00693 g006]







[image: Table] 





Table 1. Start time periods and GDOP for the used RTK corrections in two repetitions according to Trimble GNSS Planning Online.
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Repetition

	
GNSS Corrections

	
Starting Time

(UTC + 01:00)

	
Number of Satellites

	
GDOP

	
TEC




	
GPS

	
GLONASS

	
Total






	
1st

	
CROPOS

	
10:00

	
8

	
5

	
13

	
2.14

	
10.19




	
Base station

	
10:15

	
8

	
6

	
14

	
1.83

	
10.54




	
SBAS

	
10:30

	
10

	
6

	
16

	
1.71

	
10.65




	
Mobile device

	
10:45

	
9

	
6

	
15

	
1.61

	
10.75




	
2nd

	
CROPOS

	
13:00

	
12

	
4

	
16

	
2.30

	
10.81




	
Base station

	
13:15

	
11

	
5

	
16

	
1.84

	
10.97




	
SBAS

	
13:30

	
11

	
5

	
16

	
1.81

	
10.99




	
Mobile device

	
13:45

	
11

	
5

	
16

	
1.68

	
11.04
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Table 2. Descriptive statistics of the bias produced by the used GNSS RTK corrections from the projected trajectory.
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GNSS Corrections

	
First Repetition

	
Second Repetition




	

	
n

	
Median (m)

	
CV

	
Min (m)

	
Max (m)

	
n

	
Median (m)

	
CV

	
Min (m)

	
Max (m)






	
bias

	
CROPOS

	
50

	
0.019

	
0.604

	
0.003

	
0.043

	
50

	
0.029

	
0.511

	
0.002

	
0.052




	
Base station

	
50

	
0.027

	
0.496

	
0.003

	
0.049

	
50

	
0.032

	
0.572

	
0.002

	
0.045




	
SBAS

	
50

	
0.263

	
0.174

	
0.120

	
0.323

	
50

	
0.223

	
0.172

	
0.118

	
0.269




	
Mobile device

	
50

	
0.842

	
0.979

	
0.007

	
3.611

	
50

	
1.340

	
0.762

	
0.028

	
3.739




	
ΔE

	
CROPOS

	
50

	
0.015

	
0.671

	
0.000

	
0.035

	
50

	
0.023

	
0.538

	
0.001

	
0.045




	
Base station

	
50

	
0.022

	
0.542

	
0.001

	
0.041

	
50

	
0.016

	
0.647

	
0.000

	
0.036




	
SBAS

	
50

	
0.212

	
0.199

	
0.066

	
0.264

	
50

	
0.179

	
0.190

	
0.096

	
0.222




	
Mobile device

	
50

	
0.581

	
0.803

	
0.003

	
1.788

	
50

	
1.006

	
0.759

	
0.024

	
3.358




	
ΔN

	
CROPOS

	
50

	
0.011

	
0.642

	
0.000

	
0.026

	
50

	
0.016

	
0.594

	
0.000

	
0.042




	
Base station

	
50

	
0.016

	
0.513

	
0.002

	
0.033

	
50

	
0.012

	
0.577

	
0.000

	
0.028




	
SBAS

	
50

	
0.155

	
0.154

	
0.097

	
0.207

	
50

	
0.131

	
0.187

	
0.069

	
0.183




	
Mobile device

	
50

	
0.548

	
1.334

	
0.007

	
3.536

	
50

	
0.815

	
0.933

	
0.014

	
3.170











[image: Table] 





Table 3. Shapiro-Wilk normality test results for GNSS positioning bias.
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GNSS Corrections

	
1st Repetition

	
2nd Repetition

	
Normality Observed




	

	
W

	
p

	
W

	
p






	
bias

	
CROPOS

	
0.9411

	
0.0149

	
0.9462

	
0.0239

	
no




	
Base station

	
0.9531

	
0.0456

	
0.9633

	
0.1218

	
no




	
SBAS

	
0.8815

	
0.0001

	
0.8610

	
>0.0001

	
no




	
Mobile device

	
0.7884

	
>0.0001

	
0.9287

	
>0.0001

	
no




	
ΔE

	
CROPOS

	
0.9413

	
0.0151

	
0.9630

	
0.1186

	
no




	
Base station

	
0.9621

	
0.1085

	
0.9428

	
0.0174

	
no




	
SBAS

	
0.8310

	
>0.0001

	
0.8646

	
>0.0001

	
no




	
Mobile device

	
0.8640

	
>0.0001

	
0.9296

	
>0.0001

	
no




	
ΔN

	
CROPOS

	
0.9442

	
0.0198

	
0.9703

	
0.2376

	
no




	
Base station

	
0.9622

	
0.0497

	
0.9756

	
0.3852

	
no




	
SBAS

	
0.9688

	
0.2058

	
0.9158

	
0.0017

	
no




	
Mobile device

	
0.6329

	
>0.0001

	
0.8658

	
>0.0001

	
no
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Table 4. Wilcoxon test results for GNSS positioning bias.






Table 4. Wilcoxon test results for GNSS positioning bias.





	

	
GNSS Corrections

	
W

	
p

	
Significantly Different Medians






	
bias

	
CROPOS

	
784

	
0.0013

	
yes




	
Base station

	
1587

	
0.0204

	
yes




	
SBAS

	
1962

	
>0.0001

	
yes




	
Mobile device

	
3712

	
0.0017

	
yes




	
ΔE

	
CROPOS

	
790

	
0.0015

	
yes




	
Base station

	
1578

	
0.0240

	
yes




	
SBAS

	
1940

	
>0.0001

	
yes




	
Mobile device

	
3559

	
0.0004

	
yes




	
ΔN

	
CROPOS

	
850

	
0.0059

	
yes




	
Base station

	
1570

	
0.0276

	
yes




	
SBAS

	
1894

	
>0.0001

	
yes




	
Mobile device

	
3814

	
0.0038

	
yes
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Table 5. A correlation matrix of positioning bias per GNSS correction and their repetitions.






Table 5. A correlation matrix of positioning bias per GNSS correction and their repetitions.
















	
	C1
	C2
	B1
	B2
	S1
	S2
	M1
	M2





	C1
	1.000
	
	
	
	
	
	
	



	C2
	0.921
	1.000
	
	
	
	
	
	



	B1
	0.923
	0.965
	1.000
	
	
	
	
	



	B2
	0.952
	0.952
	0.958
	1.000
	
	
	
	



	S1
	0.851
	0.908
	0.884
	0.881
	1.000
	
	
	



	S2
	0.833
	0.915
	0.905
	0.867
	0.958
	1.000
	
	



	M1
	0.660
	0.623
	0.626
	0.617
	0.571
	0.551
	1.000
	



	M2
	0.815
	0.785
	0.798
	0.783
	0.722
	0.709
	0.938
	1.000







C1 and C2: CROPOS repetitions, B1 and B2: Base station repetitions, S1 and S2: SBAS repetitions, D1 and D2: Mobile device repetitions.
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