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Comparison of measurement methods
for determining the track depth of tractors

Jernej Poteko, Ludwig Volk, Patrick Ole Noack

Protecting the soil, which serves as the basis for crop production, is a major challenge in view
of the increasing weight of agricultural machinery. In the context of soil compaction, track
depth is an important measure. As part of the ARDopt research project, the suitability of
various ultrasonic sensors and photogrammetric methods for measuring the track depth was
investigated. In addition, the influence of the parameters tire pressure, driving speed and soil
moisture on the track depth was investigated.

The continuous measurement of the track depth with commercially available ultrasonic
sensors and the calculation of the track depth from digital surface models show a close cor-
relation with the reference measurements. The tire pressure had the strongest influence on
the measured track depth. Likewise, as expected, the influence of soil moisture on the track
depth could be observed.
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The bulk density of the soil influences its yield potential. It affects water holding capacity, infiltration
capacity, penetration resistance for roots, aeration and nutrient availability (HAKANSSON 2005, DIE-
PENBROCK et al. 2016, AMELUNG et al. 2018, KELLER et al. 2019). The pore volume and thus the water
holding capacity is reduced by soil compaction. This reduces the ability of the soil to provide water for
plant growth over longer periods without precipitation, so that the risk of drought damage increases
independently of and in addition to climate change. The infiltration capacity of the soil also decreas-
es with increasing bulk density (BRUNOTTE et al. 2015), so the risk of surface runoff and resulting
erosion increases. The reduction in the supply of oxygen caused by increasing bulk density and the
increased risk of waterlogging reduce the release of nutrients and the ability of plants to actively
acquire them (AMELUNG et al. 2018, BLum 2019).

The importance of soil for crop production and protection against compaction is also referred to in
the German Federal Soil Protection Act (§ 17): ,,Soil compaction, in particular by taking into account
soil type, soil moisture and the soil pressure caused by the implements used for agricultural land use,
shall be avoided as far as possible®.

The bulk density of cultivated and uncultivated soils is spatially and temporally variable. The
greatest influence on the compaction density of cultivated soils is exerted by the use of agricultural
machinery, where compaction takes place in strips in the tracks through the tires (GEISCHEDER 2011).
The extent of compaction, i.e. the increase in bulk density under the tracks, is mainly determined
by tire pressure, soil moisture, soil type, tire inflation, compaction frequency and indirectly by the
wheel loads limiting the tire pressure (HAKANSSON 2005, KELLER et al. 2019). In general, compaction
decreases with decreasing tire inflation pressure, increasing soil particle size and decreasing soil
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moisture. Soil particle size is temporally stable but spatially variable. Soil moisture also shows tem-
poral variability. The tire pressure is variable (SCHNAUFER et al. 1998), but must be adapted to the
application scenarios (road travel, field work) and is also determined by the load-bearing capacity of
the tire at different wheel loads.

On the one hand, the continuous measurement of soil compaction enables documentation and
planning for subsequent tillage operations as well as the optimization of future operations (e.g. crop
rotation, technical and organisational measures) with regard to timing or soil moisture. On the other
hand, the measured values can serve the driver of the agricultural machine as an indication of the ex-
tent of the damage caused when carrying out the current operation. This facilitates both risk assess-
ment and the decision on a possibly necessary adjustment or even interruption of the current task.
Last but not least, the measured values can serve for the automation of processes on or in agricultural
machines that lead to a reduction of soil compaction under the current conditions (lowering of tire
pressure, adjustment of speed and/or working depth).

Soil compaction itself cannot be measured continuously, or only with very high technical effort.
It is usually determined at specific points and statically with penetrometers. On the other hand, the
depth of the track created during the operation (track depth) can easily be measured as a proxy for
soil compaction under the track, as it is directly related to the increase in bulk density due to the
reduction in volume at constant mass.

In the research project ,,Automated control of tire inflation pressure of agricultural tractors® (AR-
Dopt), the suitability of ultrasonic sensors and photogrammetric methods for measuring the track
depth by tractors was investigated in this context. The aim of the study was to compare different
measurement methods for determining the track depth of tractors. In addition, the influence of the
parameters tire pressure, driving speed and soil moisture was to be determined.

Material and methods

At the University of Applied Sciences Weihenstephan-Triesdorf (Weidenbach, Germany), investiga-
tions on track depth were carried out as part of the ARDopt research project. Firstly, different meas-
urement methods were compared under different conditions, and secondly, the influence of tire pres-
sure, driving speed and soil moisture was investigated in different test setups.

Measuring method

The reference value of the track depth was measured along the lanes at six predefined measuring
points between a measuring stick placed across the track and the track surface. The depth of the track
was recorded as the distance between the deepest point in the middle of the track and the lower edge
of the measuring stick placed vertically on the track using a folding ruler. The position of the refer-
ence value was determined with a GNSS receiver (Trimble Catalyst, USA) with an accuracy of 10 mm
+ 1 ppm RMSE (root mean square error) and an Android tablet with the software QField (OPENGIS.ch
GmbH, Switzerland). Six reference values were recorded at predefined positions for each test setup
(Figure 1).
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Figure 1: Aerial view of the test facility after measuring the track depths; tire pressures of 0.5, 0.7, 1.8 and 2.0 bar
at a constant driving speed of 4 km/h were compared; the horizontal lines mark the reference points (© J. Poteko)

During the first measurement campaign, the track depth was measured with two low-cost ultra-
sonic sensors HC-SR04 with a measuring range of 20 to 4000 mm, a resolution of 3 mm, an accuracy
of 99.8% and a measuring angle of 15° (ElecFreaks, China). The ultrasonic sensors were mounted
behind the tractor centrally above and beside the track at the same height of 97 ¢m (measured from
solid ground at a tire pressure of 1.8 bar). Connected to an Arduino Mega 2560 microcontroller (Ar-
duino AG, Italy), the track depths were calculated from the difference in distances recorded by the
sensors in the middle of the track and next to the track at a data rate of 9 Hz. For the validation of
the measured track depths against the reference values, the measured track depth was processed by
averaging within 0.5 and 3 m from the position of the reference.

An action camera (GoPro Hero7 Black, USA) was used for the first measurement campaign. It was
mounted at a height of 1.5 m directly above the track in order to capture the area in and next to the
track (surface section of approx. 2.8 m x 2.1 m). The long side of the camera image was parallel to the
direction of travel to ensure sufficient overlap of the photo while driving. The camera took 2 pictures
per second. Digital surface models (0.6 mm / pixel (4K 4:3, 4,096 x 3,072 pixels)) were first calculated
from the photos using Agisoft Metashape software (Agisoft LLC, Russia). These were then displayed
in the QGIS software (qgis.org GmbH, Switzerland) for the calculation of the track depth. An imagi-
nary line perpendicular to the track was drawn above the track at the reference positions. The track
depth was calculated as the difference between the lowest point (pixel size 6.8 mm) in the track and
the highest point next to the track using five procedures:

= difference between the lowest point in the track and the height outside the track (20 cm off the
track),

= difference between the lowest point in the track and the maximum height (in the range up to
20 cm on one side of the lane) outside the track,

= difference between the lowest point in the track and the average height (in the range up to 20 cm
on the outer side (on the right in the direction of travel) of the track) outside the lane,

= difference between the lowest point in the track and the maximum height (in the range up to
20 cm on both sides of the track) outside the track,

= difference between the lowest point in the track and the average height (in the range up to 20 cm
on both sides of the track) outside the track.
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In the second measurement campaign, the track depth was measured using two commercial ultra-
sonic sensors with a measuring range of 100 to 800 mm, a resolution of 0.25 mm, a repeatability
of 0.2% and a measuring angle of 8° (UFP-800, WayCon Positionsmesstechnik GmbH, Germany)
and from 80 to 1600 mm, a resolution of 1 mm, a repeatability of 0.2% and a measuring angle of 8°
(UFP-1600, WayCon Positionsmesstechnik GmbH, Germany). The ultrasonic sensors were mounted
behind the tractor centrally above and beside the track (driving direction right) at the same height of
35 c¢m. The track depths were calculated from the difference in distances measured by the sensor in
the middle of the track and the sensor next to the track at a data rate of 9 Hz. For the comparison of
the measured track depths with the reference values, the track depths measured with the ultrasonic
sensors were processed. The track depths within a radius of 0.5 m, 1 m and 3 m around the reference
position were averaged.

A UAV (unmanned aerial vehicle) with integrated camera (DJI Phantom 4 Advanced, China) cap-
tured images of the entire test field from a height of 10 m during the second measurement campaign
after the test runs. Planning the flight path with the application pix4dcapture (Pix4D S.A., Prilly,
Switzerland) and an automatic triggering of the capture ensured an overlap of 90% of the images
along and across the flight direction. Digital surface models were calculated from the photos (72 dpi)
using Agisoft Metashape software (Agisoft LLC, Russia). These were then plotted in QGIS software
for track depth calculation. The track depth was calculated as the difference in altitude between two
points within the buffer of 0.5 m around the reference points:

= difference between the lowest and the highest point in the buffered area,

= difference between the 95 % quantile and the 5% quantile in the buffered area,

= difference between the 90 % quantile and the 10% quantile in the buffered area.
On the same points, soil moisture was determined inside and outside the track with a soil probe (Del-
ta-T Devices, HH2 Moisture Meter, UK) after driving. Soil conductivity was recorded using a Veris Q
2800 (Veris Technologies, Inc., USA) after measurements were completed throughout the trial field.
The conductivity shown in the results was calculated as the mean value within a radius of 5 m from
the reference position.

Experimental design
The investigations of the track depth were carried out in two measurement campaigns in October
(measurement campaign 1) and December 2019 (measurement campaign 2) on a commercial farm
(49°1515.7“N 10°51°44.5“E). In each measurement campaign, different measurement methods
were compared under different conditions. The test setups consisted of varied tire pressures, driving
speeds and soil moisture.

The trial field was marked with flour on the field in advance (Figure 1). A 25 m long track was
measured for each test setup. On the track, six lines perpendicular to the direction of travel with a
distance of 5 m were used to define sub-areas for the repetitions of the reference measurement. For
each test setup, the test field was passed straight at a constant speed. A framework was mounted on
the tractor to attach ultrasonic sensors, GNSS receiver and action camera (Figure 2). While driving,
the track depth behind the right rear wheel was measured with ultrasonic sensors and georeferenced
with a GNSS receiver (Duro, Swift Navigation, USA) with an accuracy of 10 mm + 1 ppm RMSE. For
technical measurement reasons, the UAV flight and the conductivity measurement were only carried
out after all the runs on the entire test field.
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Figure 2: Measurement setup for recording the reference values of track depth and soil moisture at a measurement
point (left); ultrasonic sensors and the action camera on a framework behind the tractor record the track depth,
which was georeferenced with a GNSS receiver (right) (© J. Poteko)

In measurement campaign 1, the track depth was measured in three areas of the field with differ-
ent soil moisture. In area 1 (low soil moisture, see Table 1) and in area 2 (high soil moisture, see Table
1) the tire pressures of 0.7 and 1.8 bar were combined with the driving speeds of 4, 8, 12, 16 and 20
km/h. In area 3 (medium soil moisture), tire pressures of 0.4 and 2.0 bar were compared at speeds of
4,8, 12, and 16 km/h. The tire pressures of 0.7 and 1.8 bar were combined with the driving speeds
of 4, 8, 12, 16, and 20 km/h. The tire pressures were set on a Fendt 724 (tires: TM1060, Trelleborg,
Sweden, VF 600/60R30 front, VF 710/60R42 rear) before the measurements with a tire pressure sys-
tem (Reifenregler automatic, Steuerungstechnik StG, Germany). Inexpensive ultrasonic sensors and
an action camera were used as sensors for recording the track depth. The measured values of the sen-
sors were checked for normal distribution and a variance analysis was carried out with the program
RStudio v1.2 (package ,aov‘, Chambers et al., 1992). Subsequently, the influence of the tire pressure
within each experimental setup was evaluated with the Students t-test (Park and Wang 2018).

In measurement campaign 2, tire pressures of 0.5, 0.7, 1.8 and 2.0 bar at a driving speed of
4 km/h were investigated. Michelin tires (MachXBib, 600/65R28 front, 710/70R38 rear) were mount-
ed on the tractor (John Deere 6155 R). A tire pressure control system made it possible to set the de-
sired tire pressure before the measurements (tire pressure system with ISOBUS control and 2-wire
technology for agricultural tractors, PTG Reifendruckregelsysteme GmbH, Germany). In addition to
the reference measurements, commercial ultrasonic sensors and a UAV with integrated camera were
used as sensors for recording the track depth. The influence of the tire pressure was evaluated with
the Students t-test (Park and Wang, 2018) for each test variant and presented with box plots.

Results

Measurement campaign 1

The reference values collected during the first measurement campaign all show an unexceptional
correlation between tire pressure and track depth as well as soil moisture and track depth. The cor-
relation is supported with help of the variance analysis. The speed of the vehicle had no influence on
the track depth determined with the reference method (Table 1).
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Table 1: Track depths (reference measurements and low-cost ultrasound), soil moisture and conductivities of meas-

urement campaign 1

Soil moisture Conductivity Track depth
Vol % mS/m cm
Tire Driving
Field!) pressure speed in outof .0 o0em Reference US?) - buffer3) US - buffer

bara?  km/hP  track®  trackd of 0.5 m of 3m

n=6 n=6 n=6 n=6 n=6 n=6 n=6

4 15.6 13.3 n.v. n.v. 6.33c 5.1ac 6.9b

8 15.1 13.1 n.v. n.v. 6.53c 5.1ac 6.8b

0.7 12 14.8 11.8 10.4 7.1 6.7 ac 4.33¢ 7.4b

16 15.1 13.0 9.7 7.8 6.8ac 7.9 ac 5.4b

20 15.1 13.4 14.0 7.8 6.9 ac 6.9 ac 3.9b

1 4 16.6 12.6 9.3 7.9 5.5ac 7.7 ac 7.0b
8 19.2 14.9 7.8 8.1 5.3ac 4.63c 5.8

1.8 12 17.4 14.6 8.3 8.1 5.3ac 6.8 ac 7.8b

16 17.3 14.4 8.3 7.9 5.3ac 5.8 ac 48b

20 16.4 13.2 8.8 8.0 5.7 ac 9.9 ac 47b

4 26.9 22.3 97.6 44.0 4.8ad 2.8 ad 6.42

8 26.6 22.9 56.0 23.7 5.5 ad 5.4 ad 6.0

0.7 12 30.2 27.7 75.2 33.6 5.2 ad 8.3 ad 5.1

16 31.4 26.0 85.6 36.9 5.4 ad 5.4 ad 5.3a

) 20 32.7 23.6 97.2 50.4 4.9 ad 5.0 ad 8.8 a
4 27.2 20.7 26.5 14.9 6.9 ad 5.8 ad 498

8 27.3 23.4 54.1 27.9 6.5 ad 6.7 ad 452

1.8 12 28.2 25.3 93.7 30.5 8.0 ad 6.7 ad 5.3a

16 31.6 27.8 91.9 40.6 7.6 2d 4.2 ad 422

20 31.9 28.4 93.7 49.0 7.52d 6.6 ad 578

4 22.4 19.0 62.6 15.8 4.23¢ 5.7 ac 5.1¢

8 22.3 19.1 33.7 19.2 3.8ac 4.63¢ 46¢

0.4 12 22.8 20.5 24.2 17.9 3.4ac 7.5ac 7.3¢

16 20.5 18.6 12.7 16.9 3.63c 4.13¢ 5.8¢

20 n.v. n.v. n.v. n.v. n.v. n.v. n.v.

: 4 22.8 17.8 25.0 7.7 7.43c 6.33c 5.5¢
8 24.8 20.4 29.0 9.4 7.33c 5.7 ac 49c¢

2.0 12 23.7 18.1 35.5 9.4 6.6 3c 7.0ac 6.4¢

16 25.4 19.3 44.9 13.4 7.2.c 10.4 ac 3.5¢

20 n.v. n.v. n.v. n.v. n.v. n.v. n.v.

1) 1 = low soil moisture area; 2 = high soil moisture area; 3 = medium soil moisture area
2) US = low cost ultrasonic sensor;
2 statistically significant influence of tire pressure;

b statistically significant influence of speed;

¢ statistically significant influence of soil moisture in the track;

d statistically significant influence of soil moisture next to the track.
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The measurements with the low-cost ultrasonic sensors, averaged in a 0.5 m radius, are consistent
with the measured values of the reference system with regard to the significance of the correlation
between tire pressure and track depth. Regardless of driving speed and soil moisture, there is a sig-
nificant correlation between track depth and tire pressure. In areas with high soil moisture there is a
correlation between the soil moisture next to the track and the track depth, in the variants with low
and medium soil moisture there is a correlation between the soil moisture measured in the track and
the track depth. It remains to be stated that the measured values of the reference method and the
ultrasonic sensors partly reveal considerable differences in absolute terms. However, the correlation
with the influencing factors (tire pressure, soil moisture) is very similar.

The measured values of the low-cost ultrasonic sensors averaged in a 3 m radius around the ref-
erence measuring points differ from the reference values and the values measured in a 0.5 m radius
in terms of significance: in the area with low soil moisture, there was a correlation between the track
depth and the speed of the vehicle. In the area of high soil moisture there was a correlation with tire
pressure and in the area of medium soil moisture there was a correlation with the soil moisture in
the track.

In Figure 3, the reference measured values at different tire pressures and soil moisture are plotted
against the driving speeds. The figure shows that the track depths in the area of low soil moisture
from a speed of 8 km/h are significantly deeper at low tire pressure (0.7 bar) than at high tire pres-
sure (1.8 bar). In areas with medium and high soil moisture, this effect is reversed and shows the ex-
pected result: the track is significantly deeper at high tire pressure (1.8 bar) than at low tire pressure.
An exception is the measurement in the area of high soil moisture at 8 km/h (p = 5.3 %).
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Figure 3: Reference measurements of track depth in measurement campaign 1
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When calculating the track depth from the digital surface models generated from the action cam-
era images, the track depths could only be considered for three variants with sufficient overlap of
images (Table 2). Due to the insufficient number of images, the computation of digital surface models
was not possible. The track depths of the different calculation methods show large differences and
are not consistent. A correlation to the tire pressure and the other parameters could not be proven.

Table 2: Track depth from the calculation of the digital surface model (n = 6) of measurement campaign 1

Field") Tire pressure Driving speed Calculation variant?)

in bar km/h 1 2 3 4 5
1 1.8 8 4.8 7.3 4.7 6.3 4.6
2 0.7 8 3.8 6.1 3.8 5.8 3.7
2 1.8 4 3.7 5.5 4.2 5.1 4.1

1) 1= low soil moisture; 2= high soil moisture.

2) Difference between lowest point in the track and (1) the depth outside the track (20 cm beside the track), (2) the maximum depth (in the
range up to 20 cm on one side of the track) outside the track, (3) the average depth (in the range up to 20 cm on one side of the track)
outside the track, (4) the maximum depth (in the range up to 20 cm on both sides of the track) outside the track or (5) the average depth
(in the range up to 20 cm on both sides of the track) outside the track.

Measurement campaign 2

The measurements of the track depth at constant speed and tire pressures of 0.5, 0.7, 1.8 and 2.0 bar
showed a clear increase in track depth with growing tire pressure (Table 3). There was almost no dif-
ference in soil moisture content between the setups. The differences in the track depths determined
with the reference method at low tire pressures (0.5 bar and 0.7 bar) and high tire pressures (1.8 and
2.0 bar) are highly significant. However, the track depths between the two setups with low and high
tire pressures do not differ significantly.

Table 3: Track depths and soil moisture content of measurement campaign 2

Soil moisture Track depth
Vol % cm
Driving  Tire us - uUs- us- YAVI- UAV - UAV -
speed pressure in out of Re- 2) maximum  95-%-und  90-%- und
buffer buffer buffer o o
km/h bar trackr track ference und 5-%- 10-%-
of 0.5m of 1Tm of3m .. 4 A 6
minimum# quantiles® quantiles®)
n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6
0.5 19.72 1512 432 0.92 1.32 1.52 12.28b 6.72 5.5ab
A 0.7  20.02b 16.1b  4.92 1.70 1.928b  1.9ab 10.42 6.62 5.42
1.8 2133 1442 74P 1.80 2.1 2.3bc 12.82b 7.4b 5.9b
2 21.7° 15.630  7.2b 2.8¢ 2.6° 2.4¢ 11.70 7.40 5.9b

1) US = commerecially available ultrasonic sensor.

2) Measured values of the ultrasonic sensor were averaged in the specified buffer from predefined reference position.

3) Surface models from UAV images.

Track depth is the difference between

4) the lowest and highest points,

5) the 95% quantile and the 5% quantile or

6) the 90% quantile and the 10% quantile in the buffered area.

ab.c the values within each measurement procedure that do not have the same letter are significantly different (p < 0.05).
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The track depths determined with the commercial ultrasonic sensors differed considerably from
the reference values. However, the correlation coefficients for the relationship between the reference
and track depths determined with the sensors indicate a close relationship between the variables
(r=0.77,0.83 and 0.97 for the mean values within a radius of 0.5 m, 1 m and 3 m, respectively).

The track depths averaged within 0.5 m of the reference points show three statistically significantly
different groups: the track depth at 0.5 bar is lower than at all higher tire pressures. The track depths
at 0.7 bar and 1.8 bar do not differ and the track depth at 2.0 bar is significantly larger than at all oth-
er tire pressures. The mean values within a radius of 1 m show a similar picture: the track depth at
0.7 bar does not differ from the track depth at 0.5 bar or 1.8 bar.

The track depths determined from the digital surface models of the UAV mission deviate strongly
from the reference values as from the measurements with the ultrasonic sensors. The determined
track depths are strongly dependent on the calculation method. However, the procedures based on
the difference between two quantiles show a close correlation with the reference values (r = 0.98 and
r = 0.94). Both procedures showed a similar result structure in the variance analysis as the reference
values. Despite smaller differences in absolute terms, significant differences between the two respec-
tive low and high tire pressures can be detected with the two methods.

Figure 4 shows the reference values and the track depths determined with the two sensor systems
plotted against the tire pressure. It can be clearly seen that the measured values show different levels
depending on both the measurement and calculation methods. It is also noticeable that the absolute
differences between the track depths at different tire pressures are by far the greatest with the refer-
ence method. The differences between the median track depths at different tire pressures determined
with the sensors are much smaller. Individual, incorrect measured values presumably do not have
such a strong effect on the result due to the calculation of the median.
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Figure 4: Measurements of track depth at the same speed (4 km/h) and similar soil moisture content (19 to 21 vol%)
with three different measurement methods (1 US = commercial ultrasonic sensor; 2 mean value around reference
position; 3 measured values from UAV surface model, track depth is the difference between 4 the 90% quantile and
the 10% quantile, 5 the 95% quantile and the 5% quantile or 6 the lowest and the highest point in the buffered area)

Discussion

Comparison of measurement methods for determining the track depth

The manually measured track depth is defined as a difference in height caused by soil settlement
after travelling over the soil and is measured between the surface of the uncompacted soil and the
tire footprint. The method is used to determine reference values of individual test variants. As this
method is labor-intensive and time-consuming, it is only suitable for experimental purposes. In addi-
tion, the measured values can only be collected after driving on the field and not while driving, so that
it is not suitable for controlling tire pressure systems or generating indications as part of a decision
support system.

Ultrasonic sensors, on the other hand, enable the measurement of the track depth while driving.
NOLTING et al. (2006) mounted ultrasonic sensors under a tractor and in the tires to derive the track
depth from the measured values. In terms of installation, however, less effort is involved in installing
the ultrasonic sensors as tested in this trial.
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The results showed that with the commercial ultrasonic sensors at least the relative increase
and decrease in track depth can be recorded due to a close correlation (r = 0.78 to 0.97). However,
the measured values deviated strongly from the reference values in absolute terms. The correlation
cannot be transferred into a generally valid equation (,calibration curve®) due to the small number of
measured values. In contrast, the low-cost ultrasonic sensors did not deliver satisfactory results. The
differences in the quality of the results are presumably due to differences in the design and signal
processing of the sensors. However, these are not evident from the publicly available information on
the sensors.

Differences also appeared from the comparison of the photogrammetric methods. In contrast to
the reference measurements, the track depths determined with the help of a commercial consumer
grade action camera showed no correlation with the tire pressure. In contrast, the measurements
from the digital surface model of a UAV camera achieved sufficient accuracy. In particular, the calcu-
lation of the track depth as the difference between the 95 % quantile and the 5% quantile and the 90 %
quantile and the 10 % quantile achieved close correlations with the reference (r = 0.98 and r = 0.94).
As with the ultrasonic sensors, high absolute differences between reference values and sensor values
also occurred here. The measurement procedure, like the reference procedure, is not real-time capa-
ble because the measurement data is only available after the end of the flight mission and subsequent
data processing. It is therefore only suitable for testing, but provides a much higher density of meas-
ured values than the reference method.

Comparison of the influencing variables on the track depth
Measuring the track depth with different methods confirmed that there is a correlation between tire
pressure and soil deformation and thus track depth. Almost independently of the speed, a difference
was found between the track depths at low and high tire pressures in areas with low, medium and
high soil moisture. This confirms the results known from the literature (BoLLING 1987, LEBERT 2010,
GEISCHEDER 2011). When comparing four tire pressures, the track depth increased from 4 ¢cm at low
tyre pressure (0.4 bar) to up to 7 cm at high tire pressure (2 bar).

The soil moisture in and next to the lane also affected the track depth. This observation is in line
with the studies of Brunotte et al. (2015). It is remarkable that on a dry field, the average track depth
was 1.2 cm lower at high tire pressure (1.8 bar) than at low tire pressure (0.7 bar).

Conclusions

There are currently no commercially available systems for measuring track depth that can be used to
estimate and map soil compaction. These measurements could serve as a basis for decision support or
as a source for automation.

In the ARDopt project, the track depth was recorded by continuous measurements with ultrasonic
sensors and photogrammetric techniques. The investigations with a limited number of parameters
under settings and conditions that were as constant as possible enabled a methodological comparison.
The results show that both measurement methods have the potential for further development towards
a market-ready solution. As expected, it was found that tire pressure and soil moisture have a strong
influence on track depth and soil compaction. This knowledge and the experience gained from the
application of different measurement methods will enable further influence factors such as soil heter-
ogeneity to be investigated in the future.
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