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Identification of wheel track 
in the wheat field
Wanhong Zhang 

Agriculture machinery navigating along permanent traffic lanes in the farmland may avoid causing 
extensive soil compaction. However, the permanent traffic lanes are frequently covered up or 
eliminated by following tillage practices. It is necessary to identify the wheel tracks designed as 
permanent traffic lanes in order to ensure the agriculture machinery travels along the designated 
wheel tracks when cultivating the field. This study proposed an identification method of wheel tracks 
based on the morphological characteristics of wheel tracks and the environmental conditions around 
the wheel tracks in the wheat fields. The proposed method first utilized the maximum interclass 
variance to identify the contours of the main part of the wheel track and the shadow regions around 
the wheel track’s edges. The main part of the wheel tracks was then separated from interference 
pixels by moving the centerline of the main part of the wheel track, which was derived by skeleton 
algorithm and curve fitting, towards the right or left edge of the wheel track at a specific distance. 
In a morphological opening operation, specific linear and circular structural elements were used to 
segment the shadow regions along the edge of the wheel track. The remaining wheel track was finally 
recognized by computing the complement of the region identified. After achieving the segmentation 
of wheel tracks, many reference points near the outside of the wheel track edge in the original 
image were chosen as fiducial points for evaluating the differences between the actual value and the 
recognized wheel track edge. The evaluation was based on computing the root mean squared error 
(RMSE) and the mean absolute error (MAE) of coordinates of reference points and recognized wheel 
track edge. The results showed that the largest RMSE and MAE were 24.01 pixels (0.0045 m) and 
17.32 pixels (0.0032 m), respectively. The low values of RMSE and MAE reveal that the accuracy of the 
algorithm developed in this study is high, and using this algorithm may segment the wheel track in the 
wheat field accurately.

The wheel track left in fields by agricultural machinery during operation is known as a field wheel track. These 
wheel tracks result from the pressure exerted by the wheels of the machines, which compact the soil vertically 
and cause lateral displacement, resulting in depressions or  grooves1. The primary factors that contribute to 
the formation of field wheel tracks are agricultural machinery transporting fertilizers, seeds, tools, and other 
agricultural materials in the fields; spraying machines, cultivators, seed drills, and harvesters working in fields; 
and machines rolling the soil to conserve moisture and prevent frost damage in northern wheat fields of China. 
When the wheel track occurs, the soil porosity gradually decreases, soil bulk density increases, and the soil texture 
compacts. Changes in soil alter the morphological structure of the roots and impede the roots’ ability to absorb 
deep soil moisture and nutrients. Root and soil changes, in turn, reduce the crops’ ability to withstand natural 
disasters, limit the increase in crop yields, and hinder water infiltration, exacerbating soil  erosion2–6.

Soil compaction can be caused by traffic in both the topsoil and subsoil. According to a study conducted by 
Oomżał and  Hodar7, it was observed that a depth of 10 cm of topsoil exhibits more susceptibility to soil compac-
tion when subjected to the pressure exerted by agricultural machinery in agriculture. Subsoil compaction in agri-
cultural production has been attributed to increasing the weight and number of passes of agricultural machinery, 
according to Bakker and  Davis8. When compaction occurs in the surface layer of soil, human intervention can 
effectively relieve soil compaction. However, when subsoil compaction occurs, agricultural production will be 
severely affected, and this negative effect can persist for a long  time5,9. Several field management strategies have 
been proposed to reduce soil compaction, particularly subsoil compaction. Braunack et al.10 proposed a method 
to confine field traffic on permanent traffic lanes, in which the permanent traffic lanes and crop beds are distinctly 
separated. With that method, the average yield of cotton improved by 15% while the area the wheel covered in 
the lucerne field after each operation decreased from around 70 to around 20%11,12. The methods of controlled 
tracks can potentially lessen the adverse effects of soil compaction on agricultural  production13. Nevertheless, 
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the agricultural machinery is often unable to precisely travel along the wheel tracks designed as permanent lanes 
because these tracks are frequently covered up or eliminated by following tillage, which can result in new soil 
 compaction14,15. In this sense, the wheel track needs to be recognized and positioned precisely for the tillage 
method of controlled traffic to be performed effectively.

Currently, the study of wheel tracks mainly concentrates on the forestry and road transport industries. In 
those studies, most research findings are related to measuring the depth of wheel tracks because the techniques 
for measuring the depth of wheel tracks are well-established, and changes in soil physical properties and driving 
safety are closely related to soil  depth16–27. In the studies, Jia et al.28 conducted a study investigating the connec-
tion between rut depth and driving safety. The study’s findings indicate a rut depth of less than 10 mm is a safe 
threshold for roads with high driving speeds. Liu et al.29 optimized the asphalt mix design using rut depth predic-
tion for asphalt pavement. In their study, Ferenčík et al.26 utilized Close-range photogrammetry to quantify the 
depth of the rut formed by wheeled skidders within the University Forest Enterprise of the Technical University 
located in central Slovakia. The study by Zheng et al.30 examined the impact of rut in asphalt surfaces on the 
steering stability of autonomous vehicles. The study’s results indicate that the critical determinant of the vehicle’s 
maximum roll angle is the depth of the rut. Compared to the current scientific research document that addresses 
the depth of wheel tracks, little information has been provided on the recognition of wheel tracks exceeding the 
circumference of a single tire in the agriculture, forestry, and road transportation industries. However, recogni-
tion of the tiny fragment of wheel tracks (area of wheel contact surface) has been reported by  Derafshpour31. The 
rate of soil compaction caused by vehicle traffic and the location of the wheel track may be determined easily 
by recognizing the wheel track, which  Ma32 has testified in their studies through recognition of the wheel track 
caused by snow terrain vehicles in the snow. Hence, it is possible to describe the area and location of the wheel 
tracks in farmland through the recognition of wheel tracks.

Cognition of wheel tracks needs to acquire accurate information about the width, length, and contours 
because the width, length, and contour are important plane structure features of a wheel track. Currently, two 
basic methods exist for measuring the geometric dimensions of wheel tracks. One method uses the rulers. The 
measurement of this method is reliable, but it is time-consuming and laborious and can only allow for a small 
region at a  time33,34. Besides, this method cannot describe the wheel track’s contours. Another method uses pho-
togrammetry, a study approach based on photography and image processing. Compared to manual measurement, 
photogrammetry may capture a broader range of research fields utilizing optical photography  equipment17 and 
more accurately reflect the fine details of an object’s shape by applying close-range  photography34,35. Therefore, 
photogrammetry is an ideal tool for recognizing the wheel tracks.

Wheat is a widely cultivated crop in the northern regions of China, and moist soil with frequent agricultural 
machinery traffic during wheat planting and harvesting season often causes distinctive wheel tracks in wheat 
fields in the Chinese north, which creates favorable conditions for the use of close-up photography to recognize 
the wheel track in the wheat field. The objective of this study is to present a novel identification technique for 
wheel tracks in wheat fields. The proposed approach aims to improve the implementation of control traffic 
strategies in wheat fields.

Methods
In this study, image processing was based on the Matlab R2020a platform, and the image processing method was 
demonstrated using the left wheel track of Fig. 2a.

Images acquisition
The study was conducted in wheat fields at the National Field Scientific Observation and Research Station of 
Agricultural Ecosystems in Changwu, Shaanxi province of China. Before starting the experiment, the cameras 
were installed in the experimental field, with a vertical distance from the ground of about 2.8 m and a lens angle 
of less than 90° to the horizontal ground (Fig. 1). After finishing the camera settings, the cameras were launched 
to collect field images. The format of images collected is in a joint photographic expert group (JPG).

Image filtering
In order to avoid blurring the edges of the background and foreground objects during filtering, Gaussian filtering 
that maintains the edges was  used36. This method filters images by adjusting the smoothness levels (the algo-
rithm’s default is 650.25 for 8-bit unsigned integer data) and standard deviation values. The regions of the image 
with more consistent colors are smoothed when the smoothness value is low, while the regions with sharp color 
variation are smoothed when the smoothness value is high. After establishing the smoothness value, the filtered 
region can be expanded by raising the Gaussian filter’s standard deviation. The study initially converts an RGB 
image (Fig. 2a) to a grayscale image for the research, followed by filtering. To achieve the highest quality filter-
ing effect, the smoothness values were modified around the default value of smoothness, the different Gaussian 
filter standard deviations were tried, and the image processing effect was checked visually. The filtered image was 
displayed in Fig. 2b after the image with the optimal filtering effect was selected and processed.

Initial image segmentation
In addition to wheel tracks, surrounding soil, and rectangular white reference objects, it was discovered upon 
examination of the field images that residual straws and husks from the previous season’s crop were also found 
within the image (Fig. 2a). The soil and white reference objects surrounding the wheel tracks exhibited distinct 
color differences from surrounding objects and were thus easily separable by applying thresholding methods. 
However, the color of the wheel tracks was similar to that of the straw and husk residues in some pots, where the 
residues were tightly connected to the edges of the wheel tracks. Consequently, it was not easy to distinguish the 
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wheel tracks from the residues using conventional thresholding methods. Nevertheless, the outline and tendency 
of wheel tracks were discernible. Moreover, the left edge of the wheel tracks featured a distinct shadow region 
that could be identified to locate the tracks’ left boundaries. Thus, this study performed initial image segmenta-
tion using the multi-threshold maximum inter-class variance approach (OTSU), followed by image processing 
techniques to eliminate unwanted components and completely display the wheel tracks’ regions. Two binary 
images were generated as a result of the multi-threshold segmentation. Figure 3a shows the segmented shadow 
region of the wheel tracks (with a red line indicating the tracks’ trend), while Fig. 3b shows the segmented main 
part of the wheel tracks.

Recognition of the left edge of the wheel track
Due to the shadow regions of the left edge of the wheel tracks situated at the outermost edge of the wheel tracks, 
as illustrated in Fig. 3a, this study determines the left edge of the wheel track by identifying the left edge shadow 
regions. Observation of Fig. 3a revealed that although most of the left edge of the wheel tracks have been pre-
sented after the first image segmentation, some region is still tied to surrounding interference pixels, making 
it difficult to detect the left border of the wheel tracks fully. Observation also showed that the pixels that make 
up the shadow regions gathered into clusters at the far left of the wheel track, and the clusters were arranged 
roughly straight and discontinuously. It can also be found from Fig. 3a that the surrounding interference pixels 
are sparsely distributed near the upper end of the image, relatively far away from the edge of the wheel track in 
terms of space. The interference pixels are closely arranged around the shadow regions of the left edge of the wheel 
track at the image’s middle and lower ends. Additionally, in some areas of Fig. 3a, the interference pixels and the 
shadow region of the edge of the wheel track even combine. Considering the above morphological features of the 
image, it is feasible to use the morphological opening operation to separate the shadow areas of the left edge of 
the wheel track from their surrounding interference pixels. In order to effectively separate the shadow regions of 
the left edge of the wheel tracks, the method of selecting the image area of interest was introduced to connect the 
discrete pixel clusters of the shadow regions of the left edge of the wheel track to build a connected component. 

Figure 1.  Using the camera to capture the image in the wheat field.

Figure 2.  Filtering the image using Gaussian filtering. From left to right: (a) original image, (b) gray image.
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After the connected component was formed, as shown in Fig. 4a, the algorithm for eliminating objects with small 
areas was employed to clear away the tiny interference pixels around the connected component. Most of the 
small-size interference pixels adjoining the connected component were then removed by performing the algo-
rithm of clearing away the tiny area objects. The outcome of removing interference pixels of small sizes is shown 
in Fig. 4b. Figure 4b indicates that some interference pixels are still closely coupled to the shadow regions of the 
left edge of the wheel tracks, but most interference pixels around the connected component have been removed.

Figure 3.  Initial segmentation of the image using the multi-threshold maximum inter-class variance approach. 
From left to right: (a) shadow region of the wheel track, (b) main part of the wheel track.

Figure 4.  Removing the interference pixels of the edge of the wheel track. (a) The connected components of the 
wheel track, (b) removing the connectivity of the wheel track, (c) determination of the centroid, (d) removing 
the interference.
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The morphological opening operation was introduced in order to break the connection between the interfer-
ence pixels and the shadow regions of the left edge of the wheel tracks. Before implementing the morphological 
opening operation, the structural element style was first chosen since different structural elements will result in 
varied operation outcomes. Given that the arrangement for the shadow regions of the left edge of wheel tracks is 
roughly linear, a linear structural element was created. The angle between the trend of the shadow area of the left 
edge of wheel tracks and the horizontal line (as shown by the red line in Fig. 4b) was employed as a parameter of 
morphological opening operation to yield the desired results. In this study, the angle between the shadow area 
of the wheel track edge and the horizontal line was determined using the following algorithm: calculating the 
diameter of the circle with the same area as each pixel cluster (the shadow regions of the left edge of the wheel 
tracks were composed of many pixel clusters); creating a histogram of the number of pixel clusters against cor-
responding diameter values; determining the radius of the circular structural element based on the information 
from the histogram; designing the circular structural element with the selected diameter value as the parameter 
and performing a morphological opening operation on pixel clusters in the shadow regions. Following the 
morphological opening operation, the centroid coordinates of each pixel cluster were established (as shown in 
Fig. 4c, where the left image is an enlarged vision of the white box). The angle between the trend of the pixel 
clusters and the horizontal line was achieved based on computing the tangent value between adjacent centroids 
using the trigonometric function; those values above three times the standard deviation were removed, and the 
average value of the remaining values was calculated to determine the angle between the trend of pixel clusters 
and the horizontal line. Choosing the linear structural element and determined angle as parameters to execute 
the morphological opening operation on the shadow regions of the left edge of the wheel track removed the 
interference pixels around the shadow area of the left edge of the wheel track, as shown in Fig. 4d.

Determining the centerline of the main part of the wheel track
Figure 3b shows that the main part of the wheel track is approximately symmetrical around the centerline and 
that the changing trend of the centerline and the edge of the main part of the wheel track have similar patterns. In 
this study, the centerline of the main part of the wheel tracks can be easily determined by detecting the midpoint. 
Therefore, separating the wheel track from the interference pixels is viable by moving the centerline a certain 
distance toward the left or right. A connected component was first constructed in the wheel track’s main part to 
determine the centerline effectively (Fig. 5a). Then, some interference pixels in the image were removed by area 
filtering. The skeleton operation on the connected component of the main part of the wheel track was carried 
out, and resultant skeleton connection points were used to fit the centerline using a fitting function (Fig. 5b). To 
achieve the best fitting outcomes, polynomial fitting, power function fitting, sine function fitting, and rational 
function fitting were used separately to fit the skeleton connection points of the main part of the wheel track, 
and the resultant results were compared. Based on the comparison results, polynomial and rational function 
fitting has higher fitting goodness and lower root mean square error (Table 1). Nevertheless, polynomial fitting 
is more in line with the trend of the wheel track’s centerline by observing the fitting curve, as shown in Fig. 5c. 
Thus, polynomial fitting was used to determine the centerline of the main part of the wheel track. The determined 
centerline is shown in Fig. 5d.

Determining the right and left edges of the main part of the wheel track
After determining the centerline of the main part of the wheel tracks, to remove any interference pixels on the 
edge of the main part of the wheel tracks and highlight its boundary, the centerline was moved a certain distance 
toward the left and right to determine the edge of the main part of the wheel track. Observation of Fig. 2a shows 
that the width of the wheel track gradually decreases with the distance between the wheel track and the camera 
increase. It could also be observed from Fig. 2a that there is a non-zero angle between the wheel track and the 
horizontal line due to the curved driving of agricultural machinery in the field. Under the same angle, the trend 
of the edge of the main part of the wheel track and the centerline all tend toward a straight line. Based on the 
above image features, the angle between the trend of the main part of the wheel track and the horizontal line is 
first measured, followed by the measurement of the distance between the left boundary of the main part of the 
wheel track and the centerline under different angles. The angle between the trend of the wheel track and the 
horizontal line is determined based on the trigonometric function relationship between them. After determin-
ing the angle, the main part of the wheel track was divided into different regions based on the angle. For each 
region, a target point is manually selected near the left edge of the main part of the wheel track, and the distance 
between each target point and the centerline in the corresponding region is calculated. According to this dis-
tance, the centerline of the corresponding region was moved toward the right or left to clear away interference 
pixels around the region of the main part of the wheel track (indicated by the red line in Fig. 6a). The wheel track 
without interference pixels is shown in Fig. 6b.

Recognition of other areas of the wheel track
After applying the Otsu method to segment the wheel track, most of the bright areas caused by the groove of the 
tires and shadow areas caused by the protrusion of the tires on the left edge of the wheel tracks were identified. 
Other areas in the wheel tracks were not recognized due to the presence of straw and other factors (Fig. 7a). In 
order to obtain a complete wheel track, the method of identification of the unrecognized areas in the wheel track 
was carried out. The study first joined the edge lines of the wheel track in the top, bottom, left, and right direc-
tions to form a closed body. Then, the gap inside the closed body was filled using the filling algorithm to form 
a connected component without holes. In order to show the unrecognized area, the connected component was 
subtracted from the already identified bright areas in the wheel tracks (Fig. 7b). The recognition method for the 
bright areas in the shadow area on the left side of the wheel track was the same as described above (Fig. 7c and d).
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The method of recognizing the wheel track on the right side of the image was the same as that used for the left 
side. After recognizing the wheel track on the right side, the tracks on both sides were merged to form a whole 
wheel track. The recognized wheel track is shown in Fig. 7e and f.

Results
To evaluate segmented results, multiple points were manually selected near the outer edge of the wheel track in 
the original image, and coordinate information of selected points was extracted. The 1:1 line plot of the refer-
ence values against the measurement values was first created based on the coordinate information of the selected 
points (reference values) and the segmented edge of the wheel track (measured values) (Fig. 8). Then, the root 
mean squared error (RMSE) and mean absolute error (MAE) values were calculated (Table 2).

It can be found by observing the 1:1 line plot that the reference values and measure values are closely arranged 
around the 1:1 line. Compared to the row and the column coordinate plot, the data in the column coordinate plot 
was more scatted, with a higher RMSE value (24.01 pixels, 0.0045 m) and MAE value (17.32 pixels, 0.0032 m) 
than those for the row coordinate with an RMSE of 12.57 pixels (0.0023 m) and an MAE of 7.35 pixels (0.0013 m). 
The relatively small RMSE and MAE values for the row coordinates suggest that the measured values are almost 

Figure 5.  Determination of the centerline of the wheel track based on skeleton algorithm and curve fitting. (a) 
Construction of connected components, (b) skeletonization of connected components, (c) polynomial fitting 
based on coordinates of the row and column of midpoints, and (d) the centerline of the wheel track, as indicated 
by the red line.

Table 1.  Comparison of different curve fittings derived from data on the midpoints of the wheel track.

Function name Formulas Goodness of fit RMSE/pixels

Polynomial y = 0.000 000 014 35x3−0.000 140 3x2−0.203 2x + 184 4 0.997 1 27.680 4

Power y = − 0.024 26x1.376 + 183 6 0.997 0 27.825 5

Sine y = 197 5 × sin(0.000 344 4x + 1.926) 0.997 0 27.822 4

Rational y = (0.000 043 42x3−1.241x2 + 882.1x + 104 900 00)/(x + 571 2) 0.997 1 27.662 0
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consistent with the reference values. The larger RMSE and MAE values for column coordinates indicate a small 
gap between the segmented edge of the wheel track and the selected points.

When comparing the calculated outcomes to those of previous research, it was found that Salmivaara et al.37 
achieved a root RMSE of 0.035 m when employing a Light Detection and Ranging (LiDAR) sensor to measure the 
depth of wheel tracks. In their investigation of soil surface changes using close-range photogrammetry, Ferencík 
et al.26 found a range of RMSE between 0.026 m and 0.050 m. The RMSE values calculated for this investigation’s 
row and column coordinates were smaller than the reported values.

Based on the completed analysis, it can be inferred that the proximity of the segmented wheel track edge to the 
ground truth is supported by the close resemblance between the coordinates of the measured edge pixel and those 
of nearby non-wheel track area points. The low values of the RMSE and MAS further validate this conclusion.

Discussion
When the foreground and background colors in an image are similar, thresholding methods may lead to under-
segmentation or over-segmentation, which may cause errors in numerical calculations based on segmentation 
results. In order to reduce calculation errors caused by improper image segmentation, the image originating 
from primary segmentation needs to undergo secondary image processing to correct image segmentation. In this 
study, some areas of the wheel track edges are similar in color to the background, making it difficult to achieve 
a complete wheel track using thresholding. However, thresholding can ensure that most wheel track areas are 
segmented. Therefore, the study uses thresholding for initial segmentation. After the initial segmentation, the 
contour for the wheel track’s main part and the wheel track’s shadow regions were obtained. Considering the right 
and left side of the main part of the wheel track is symmetric along the centerline, the trends of the centerline are 
the same as the edge of the main part of the wheel track, and the study moved the centerline of the wheel track 
toward edges of the main part of wheel track to segment the main part of wheel track from interference pixels. 
Before the segmentation of interference pixels adheres to the edge of the main part of the wheel track, it is neces-
sary to determine the centerline of the wheel track first. Currently, there is no way to extract the centerline of the 
wheel track directly. However, the wheel track’s midpoints are components of its centerline, and the extraction of 
the midpoints of the wheel track is feasible. So, this study determined the centerline of the wheel track based on 
determining the midpoints of the wheel track. To ensure the accurate extraction of the midpoints of the wheel 
track, the study constructed a connected component in the central area of the main part of the wheel track. Then, 
this study used the skeletonization algorithms to shrink the connected component toward its center to produce 
many points. The connected component was reduced to many points after the skeletonization. The study used 
curve fitting methods to fit the scattered points and derived the centerline of the wheel track from the fitting 
function, which matches the scatted points well. In this study, the method for determining the centerline of the 
wheel track can provide a reference for other similar studies.

Image distortion often affects the results of quantitative calculation in image processing. The study fully 
considers the impact of image distortion on determining the wheel track. After identifying the centerline of 
the main part of the wheel track, the centerline was moved toward the left or right side of the wheel track to 
determine the edge of the main part of the wheel track. Under the condition that the arrangement of the wheel 
track trends to a straight line, the new position at which the centerline of the wheel track arrived by moving can 
be used directly as the left and right edges of the main part of the wheel track. However, when the arrangement 
of the wheel track is a curve, moving the same distance causes the centerline to deviate from the actual edge 
line due to the different degrees of image distortion in different directions. In order to solve this problem, the 
study first calculated the angle between the straight line formed by adjacent points on the centerline of the main 
part of the wheel track and the horizontal line through trigonometric functions. Then, the study split the whole 
wheel track into several fragments according to different angles. Finally, moving the curve on each segment of 
the wheel track locate the corresponding edge of the main part of the wheel track.

Figure 6.  Determination of the right edge of the wheel track based on the movement of the centerline. (a) 
Moving centerline toward the right. (b) removing the interference of the main part of the wheel tracks.
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The type of structural components utilized for morphological operations affects image processing results. In 
order to separate the edge of the wheel track from the interference pixels while maintaining the width of the wheel 
track edge unchanged, this study performed the opening operations with linear structural elements to separate 
interference pixels from the edge of the wheel track. It is a fact that when the angle of the linear structural ele-
ment is in line with the trend of the wheel track, the opening operation using the line structural element extends 
or contracts wheel tracks along the trends of the wheel track. This results in a slight variation in the shadow 
regions of the wheel track edge in the vertical direction of the line structural element. As a result, the horizontal 

Figure 7.  Segmentation of the wheel track in the wheat field. (a) The main part of the wheel track, (b) the 
complement of the main part of the wheel track, (c) the shadow area of the wheel track, (d) the complement of 
the shadow area of the wheel track, (e) the binary image of the wheel track, (f) displaying the wheel track over 
the original picture.
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variation of the wheel track will be greatly reduced. Thus, it is necessary to calculate the angle between the wheel 
track edge pixels and the horizontal line to achieve better image processing results from the opening operation 
of the linear structure element. In this study, it is difficult to calculate the angle between the shadow region of 
the wheel track edge and the horizontal line directly because the shape of the shadow region of the wheel track 
edge in the binary image is irregular, and their arrangement seems disordered. The circular structural elements 
may remove smaller objects in the erosion algorithm and make the irregular object regular. In order to detect 
the changing trend of the shadow region of the wheel track edge, the circular structural element was used to 
regulate the shape of the shadow region of the wheel track edge. After implementing the morphological operation 
of circular element on the shadow region of the wheel track edge, the tiny protrusions at the edge of the wheel 
tracks were removed, the shape of the shadow region of the wheel track edge became regular, and the centroid 
of each polygon that formed the shadow region of the wheel track tended toward a straight-line arrangement. 
Since the polygon’s centroid tended towards a straight-line arrangement, the angle between the linear structural 
element and the horizontal line could be readily determined by calculating the angle between the line connecting 
the polygon centroid and the horizontal line. The mentioned method above can separate the interference pixels 
attached to the shadow region of the wheel track edge, and this method also provides an example of accurately 
using structural elements based on target features in morphological operations.

The method proposed in this study was developed using somewhat complex image processing methods and 
math knowledge. Consequently, it is difficult for individuals responsible for managing farms to apply if they 
are unfamiliar with image processing and associated mathematics. Moreover, in cases where the wheel track is 
indistinct, the proposed approach fails to accurately identify it. It is true that the calculation process needs human 
intervention and cannot be entirely automated, which also is a drawback.

Conclusions
The multi-threshold algorithm was first used for this study’s initial segmentation of the wheel track in the wheat 
field. Then, the points around the midpoint of the wheel tracks were identified depending on the skeletonization 
of the main part of the wheel track. Next, the curve fitting was carried out to derive the centerline of the wheel 
track based on the identified points. Finally, the wheel track’ edges were separated from the interference pixels 
by moving the derived centerline toward the left or right side of the main part of the wheel track at a specific 
distance, and the wheel track in the wheat field was recognized.

The approach mentioned above may also be used to segment wheel tracks in croplands such as corn and 
soybean fields, among others. Moreover, determining the wheel track location in the wheat field is simple after 
the methods successfully identify the wheel tracks. In this context, it is possible to conduct continuous studies 
on the same wheel tracks within a wheat field for multiple years, even if the wheel tracks become indistinct or 
imperceptible due to crop coverage and machinery cultivating. Nevertheless, the current automation procedure 
of the algorithm presented in this study needs to be revised. Therefore, the next step will increase the automated 
operation of the method.

Figure 8.  1:1 picture of row and column coordinates. (a) Row coordinates, (b) column coordinates.

Table 2.  Calculating RMSE and MAE of horizontal and vertical coordinates for the reference values and 
measured values.

Coordinate RMSE/pixels MAE/pixels

Row 12.57 7.35

Column 24.01 17.32



10

Vol:.(1234567890)

Scientific Reports |          (2024) 14:900  | https://doi.org/10.1038/s41598-024-51601-x

www.nature.com/scientificreports/

Data availability
Data used in the study is available from the authors on a reasonable request.

Received: 22 September 2023; Accepted: 7 January 2024

References
 1. Liu, K., Ayers, P., Howard, H. & Anderson, A. Influence of turning radius on wheeled military vehicle induced rut formation. J. 

Terramech. 46, 49–55. https:// doi. org/ 10. 1016/j. jterra. 2009. 02. 004 (2009).
 2. Althoff, P. S. & Thien, S. J. Impact of M1A1 main battle tank disturbance on soil quality, invertebrates, and vegetation characteristics. 

J. Terramech. 42, 159–176. https:// doi. org/ 10. 1016/j. jterra. 2004. 10. 014 (2005).
 3. Ayers, P. D. Environmental damage from tracked vehicle operation. J. Terramech. 31, 173–183. https:// doi. org/ 10. 1016/ 0022- 

4898(94) 90014-0 (1994).
 4. Lithourgidis, A. S., Damalas, C. A. & Eleftherohorinos, I. G. Conservation tillage: A promising perspective for sustainable agri-

culture in Greece. J. Sustain. Agric. 33, 85–95. https:// doi. org/ 10. 1080/ 10440 04080 25872 80 (2009).
 5. Ishaq, M. A., Hassan, A. B., Saeed, M. C., Ibrahim, M. A. & Lal, R. D. Subsoil compaction effects on crops in Punjab, Pakistan: I. 

Soil physical properties and crop yield—ScienceDirect. Soil Till. Res. 59, 57–65. https:// doi. org/ 10. 1016/ s0167- 1987(01) 00177-5 
(2001).

 6. Rut, G. et al. Responses of a root system structure to soil compaction stress among maize (Zea mays L.) hybrids. J. Agron. Crop 
Sci. 208, 106–119. https:// doi. org/ 10. 1111/ jac. 12530 (2022).

 7. Oomżał, H. & Hodara, J. Soil compaction changes in the layer 0.5 m depth causeo by machine wheels. Zeszyty Problem. Postępw 
Nauk Rolniczych 1990, 29–40 (1990).

 8. Bakker, D. & Davis, R. Soil deformation observations in a Vertisol under field traffic. Soil Res. 33, 817–832. https:// doi. org/ 10. 
1071/ SR995 0817 (1995).

 9. Alakukku, L. Subsoil compaction due to wheel traffic. Agric. Food Sci. 8, 333–351 (1999).
 10. Braunack, M., McPhee, J. & Reid, D. Controlled traffic to increase productivity of irrigated row crops in the semi-arid tropics. 

Austr. J. Exp. Agric. 35, 503–513. https:// doi. org/ 10. 1071/ EA995 0503 (1995).
 11. Dumas, W., Trouse, A., Smith, L. K. & Grill, W. Traffic Control as a Means of Increasing Cotton Yields by Reducing Soil Compaction 

(ASAE, 1975).
 12. Sheesley, W. & Grimes, D. In 1982 California Alfalfa Symposium Proceedings, UC Cooperative Extension, University of California, 

Davis CA 39–41 (2022).
 13. Hefner, M., Labouriau, R., Norremark, M. & Kristensen, H. L. Controlled traffic farming increased crop yield, root growth, and 

nitrogen supply at two organic vegetable farms. Soil Till. Res. 191, 117–130. https:// doi. org/ 10. 1016/j. still. 2019. 03. 011 (2019).
 14. Soane, B. D., Dickson, J. W. & Campbell, D. J. Compaction by agricultural vehicles: A review III. Incidence and control of compac-

tion in crop production. Soil Till. Res. 2, 3–36. https:// doi. org/ 10. 1016/ 0167- 1987(82) 90030-7 (1982).
 15. Taylor, J. H. Benefits of permanent traffic lanes in a controlled traffic crop production system. Soil Till. Res. 3, 385–395 (1983).
 16. Marra, E., Wictorsson, R., Bohlin, J., Marchi, E. & Nordfjell, T. Remote measuring of the depth of wheel ruts in forest terrain using 

a drone. Int. J. Forest Eng. 32, 224–234. https:// doi. org/ 10. 1080/ 14942 119. 2021. 19162 28 (2021).
 17. Nevalainen, P. et al. Estimating the rut depth by UAV photogrammetry. Rem. Sens. 9, 1–26. https:// doi. org/ 10. 3390/ rs912 1279 

(2017).
 18. Mardani, A. On-the-move monitoring of tire rut depth on deformable soil using an instrumented inclinometer. Trans. ASABE 57, 

1291–1295. https:// doi. org/ 10. 13031/ trans. 57. 10563 (2014).
 19. Vennik, K., Keller, T., Kukk, P., Krebstein, K. & Reintam, E. Soil rut depth prediction based on soil strength measurements on 

typical Estonian soils. Biosyst. Eng. 163, 78–86. https:// doi. org/ 10. 1016/j. biosy stems eng. 2017. 08. 016 (2017).
 20. Syed, I. A. & Tarefder, R. A. In International Conference on Transportation and Development 2018 284–291 (University of New 

Mexico, 2018).
 21. Sirén, M. et al. Soil disturbance by cut-to-length machinery on midgrained soils. Silva Fenn. 53, 1–24. https:// doi. org/ 10. 14214/ 

sf. 10134 (2019).
 22. Issaoui, A. E. et al. Feasibility of mobile laser scanning towards operational accurate road rut depth measurements. Sensors 21, 

1180. https:// doi. org/ 10. 3390/ s2104 1180 (2021).
 23. Alzaidy, F. & Albayati, A. H. K. A comparison between static and repeated load test to predict asphalt concrete rut depth. Eng. 

Technol. Appl. Sci. Res. 11, 7363–7369 (2021).
 24. Ilintsev, A., Nakvasina, E., Högbom, L. & Bogdanov, A. Influence of ruts on the physical properties of Gleyic Retisols after logging 

machinery passage. Scand. J. For. Res. 37, 254–263. https:// doi. org/ 10. 1080/ 02827 581. 2022. 20857 85 (2022).
 25. Heppelmann, J., Talbot, B., Antón-Fernandéz, C. & Astrup, R. Depth-to-water maps as predictors of rut severity in fully mechanized 

harvesting operations. Int. J. For. Eng. 33, 108–118. https:// doi. org/ 10. 1080/ 14942 119. 2022. 20447 24 (2022).
 26. Ferenčík, M. et al. Measuring soil surface changes after traffic of various wheeled skidders with close-range photogrammetry. 

Forests 13, 976 (2022).
 27. Shatnawi, N., Obaidat, M. T. & Al-Mistarehi, B. Road pavement rut detection using mobile and static terrestrial laser scanning. 

Appl. Geomat. 13, 901–911. https:// doi. org/ 10. 1007/ s12518- 021- 00400-4 (2021).
 28. Jia, Y. et al. Evaluation of pavement rutting based on driving safety of vehicles. Int. J. Pavement Res. Technol. 15, 457–469. https:// 

doi. org/ 10. 1007/ s42947- 021- 00032-2 (2022).
 29. Liu, J., Liu, F., Zheng, C., Zhou, D. & Wang, L. Optimizing asphalt mix design through predicting the rut depth of asphalt pavement 

using machine learning. Constr. Build. Mater. 356, 129211. https:// doi. org/ 10. 1016/j. conbu ildmat. 2022. 129211 (2022).
 30. Zheng, B. et al. Study on the rut control threshold of asphalt pavement considering steering stability of autonomous vehicles based 

on fuzzy control theory. Adv. Civ. Eng. 2021, 1–13. https:// doi. org/ 10. 1155/ 2021/ 88799 00 (2021).
 31. Derafshpour, S., Valizadeh, M., Mardani, A. & Saray, M. T. A novel system developed based on image processing techniques for 

dynamical measurement of tire-surface contact area. Measurement 139, 270–276. https:// doi. org/ 10. 1016/j. measu rement. 2019. 
02. 074 (2019).

 32. Ma, C., Yang, C., Cheng, X., Zhang, B. & Liu, Y. Extraction of Chinese Antarctic inland rut prints from landsat 8 satellite imagery. 
J. Beijing Normal Univ. (Nat. Sci.) 55, 47–56. https:// doi. org/ 10. 16360/j. cnki. jbnuns. 2019. 01. 006 (2019).

 33. Koreň, M., Slančík, M., Suchomel, J. & Dubina, J. Use of terrestrial laser scanning to evaluate the spatial distribution of soil dis-
turbance by skidding operations. Biogeosci. For. 8, 386–393. https:// doi. org/ 10. 3832/ ifor1 165- 007 (2014).

 34. Pierzchała, M., Talbot, B. & Astrup, R. Measuring wheel ruts with close-range photogrammetry. Forestry 89, 383–391. https:// doi. 
org/ 10. 1093/ fores try/ cpw009 (2016).

 35. Ptak, W., Czarnecki, J. & Brennensthul, M. Use of 3D scanning technique to determine tire deformation in static conditions. J. 
Agric. Eng. 1221, 1–7. https:// doi. org/ 10. 4081/ jae. 2022. 1221 (2022).

 36. Tomasi, C. & Manduchi, R. Bilateral filtering for gray and color images. In Proceedings of the 1998 IEEE International Conference 
on Computer Vision 836–846 (1998). https:// doi. org/ 10. 1109/ ICCV. 1998. 710815.

https://doi.org/10.1016/j.jterra.2009.02.004
https://doi.org/10.1016/j.jterra.2004.10.014
https://doi.org/10.1016/0022-4898(94)90014-0
https://doi.org/10.1016/0022-4898(94)90014-0
https://doi.org/10.1080/10440040802587280
https://doi.org/10.1016/s0167-1987(01)00177-5
https://doi.org/10.1111/jac.12530
https://doi.org/10.1071/SR9950817
https://doi.org/10.1071/SR9950817
https://doi.org/10.1071/EA9950503
https://doi.org/10.1016/j.still.2019.03.011
https://doi.org/10.1016/0167-1987(82)90030-7
https://doi.org/10.1080/14942119.2021.1916228
https://doi.org/10.3390/rs9121279
https://doi.org/10.13031/trans.57.10563
https://doi.org/10.1016/j.biosystemseng.2017.08.016
https://doi.org/10.14214/sf.10134
https://doi.org/10.14214/sf.10134
https://doi.org/10.3390/s21041180
https://doi.org/10.1080/02827581.2022.2085785
https://doi.org/10.1080/14942119.2022.2044724
https://doi.org/10.1007/s12518-021-00400-4
https://doi.org/10.1007/s42947-021-00032-2
https://doi.org/10.1007/s42947-021-00032-2
https://doi.org/10.1016/j.conbuildmat.2022.129211
https://doi.org/10.1155/2021/8879900
https://doi.org/10.1016/j.measurement.2019.02.074
https://doi.org/10.1016/j.measurement.2019.02.074
https://doi.org/10.16360/j.cnki.jbnuns.2019.01.006
https://doi.org/10.3832/ifor1165-007
https://doi.org/10.1093/forestry/cpw009
https://doi.org/10.1093/forestry/cpw009
https://doi.org/10.4081/jae.2022.1221
https://doi.org/10.1109/ICCV.1998.710815


11

Vol.:(0123456789)

Scientific Reports |          (2024) 14:900  | https://doi.org/10.1038/s41598-024-51601-x

www.nature.com/scientificreports/

 37. Salmivaara, A. et al. Wheel rut measurements by forest machine-mounted LiDAR sensors–accuracy and potential for operational 
applications?. Int. J. For. Eng. 29, 41–52 (2018).

Author contributions
W.H.Z. is the major author who conducted the experiments, designed the algorithm, analyzed the data and wrote 
the manuscript. All authors reviewed and approved the final manuscript.

Funding
This work was funded by the National Natural Science Foundation of China, grand number 41971049.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to W.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Identification of wheel track in the wheat field
	Methods
	Images acquisition
	Image filtering
	Initial image segmentation
	Recognition of the left edge of the wheel track
	Determining the centerline of the main part of the wheel track
	Determining the right and left edges of the main part of the wheel track
	Recognition of other areas of the wheel track

	Results
	Discussion
	Conclusions
	References


