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Abstract: Further processing and the added value of potatoes are limited by irregular potatoes. An
ellipse-fitting-based Hausdorff distance and intersection over union (IoU) method for identifying
irregular potatoes is proposed to solve the problem. First, the acquired potato image is resized,
translated, segmented, and filtered to obtain the potato contour information. Secondly, a least-squares
fitting method fits the extracted contour to an ellipse. Then, the similarity between the irregular potato
contour and the fitted ellipse is characterized using the perimeter ratio, area ratio, Hausdorff distance,
and IoU. Next, the characterization ability of the four features is analyzed, and an identification
standard of irregular potatoes is established. Finally, we discuss the algorithm’s shortcomings in this
paper and draw the advantages of the algorithm by comparison. The experimental results showed
that the characterization ability of perimeter ratio and area ratio was inferior to that of Hausdorff
distance and IoU, and using Hausdorff distance and IoU as feature parameters can effectively
identify irregular potatoes. Using Hausdorff distance separately as a feature parameter, the algorithm
achieved excellent performance, with precision, recall, and F1 scores reaching 0.9423, 0.98, and 0.9608,
respectively. Using IoU separately as a feature parameter, the algorithm achieved a higher overall
recognition rate, with precision, recall, and F1 scores of 1, 0.96, and 0.9796, respectively. Compared
with existing studies, the proposed algorithm identifies irregular potatoes using only one feature,
avoiding the complexity of high-dimensional features and significantly reducing the computing
effort. Moreover, simple threshold segmentation does not require data training and saves algorithm
execution time.
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1. Introduction

The potato is the fourth largest food crop in the world [1] and is grown in more than
150 countries and regions. As of 2020, potatoes will be grown on about 19.59 million
hectares, with Asia and Europe as the central potato-growing regions. The potato provides
nutrition for more than one billion people worldwide and is an essential guarantor of food
security [2]. In China, the potato-planting area is stable, at more than 80 million mu, with an
annual output of 100 million tons of fresh potatoes [3]. Shape is one of the most important
indicators of the external quality of potatoes [4]. Regularly shaped potatoes are preferred
by consumers, have stronger sales appeal, and play an important role in processing chips
and fries [5]. When part of the potato grows under hot and dry conditions, the shape of
the potato is changed, resulting in irregular potatoes. Irregular potatoes seriously affect
pricing, significantly reducing the economic benefits of the crop [6]. With the increasing
human demand for direct potato consumption and food processing, the market demand for
regular potatoes is also growing [7]. However, most irregular potatoes currently go directly
to the market without being removed, which seriously affects consumers’ desire to buy, as
well as the added value of potatoes [8]. Therefore, accurately identifying irregular potatoes
can guarantee that they are appropriately discarded to prevent them from reaching the
market, which is extremely important for the food production chain [9].
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Currently, the primary methods used for shape inspection are manual expert inspec-
tion and machine vision inspection [10]. The traditional techniques for detection of irregular
potatoes include subjective determination by the naked eye of a grading expert, which
lacks a unified identification standard [11,12]. Crop shape detection based on machine
vision mainly uses image processing, pattern recognition, machine learning, and deep
learning technologies to analyze crop images, which can effectively identify the shapes of
crops [13]. Few studies have been conducted focusing on identification of irregular potatoes,
and most have focused on potato shape grading based on traditional image processing
methods [14,15]. Wang et al. [16] extracted potatoes’ contour area and external rectangle
and used principal component analysis (PCA) to analyze the relationship between image
feature parameters and potato shape. Zheng et al. [17] used the normalized radius sequence
method to inspect irregular potatoes. Deng et al. [18] estimated potato shape by calculating
the ratio of potato contour length and the equivalent ellipse perimeter. Zhou et al. [19]
determined potato shape grading standards based on the ratio of the maximum transverse
diameter to the maximum longitudinal diameter of the potato. Lopez-Juarez [20] pro-
posed a boundary object function to detect the shape of potatoes. Tao et al. [21] proposed a
shape separation method based on Fourier transform for automatic inspection of potato
shapes. Cui et al. [22] proposed a potato shape recognition method based on Fourier
descriptors of moment features of boundary points, which classifies potatoes shapes el-
lipse, circle, or irregular. Kong et al. [23] used the six invariant moments of the top view
image of potatoes as grading features and achieved grading using a BP neural network.
ElMasry et al. [4] extracted two shape features and four Fourier shape descriptors based on
linear discriminant analysis (LDA) to efficiently identify the shapes of potatoes. Aziz and
Abbaspour-Gilandeh [24] proposed a method combining geometric parameters and Fourier
descriptors to detect irregular potatoes, using PCA to select the seven most prominent fea-
tures to complete the grading. Xu and Zhao [25] proposed a potato shape-grading method
combining principal component analysis and a support vector machine (PCA-SVM) algo-
rithm to sort potato shapes with 11-dimensional feature vectors. Shen et al. [26] extracted
geometric characteristics, image wavelet moment, and fractal boundary dimensions as fea-
ture parameters and completed potato shape identification using a support vector machine
(SVM) with an accuracy of 88.89%. Deep learning has developed rapidly in recent years and
has been widely used in industry and agriculture [27]. Deep learning has been successfully
applied in agriculture [28] and, recently, for potato defect detection. Marino et al. [29]
proposed a weakly supervised learning method to classify six defects in potatoes, using
convolutional neural networks (CNN) for the classification task. Oppenheim et al. [30] used
a deep convolutional neural network trained on a potato defect dataset to classify potato
tubers into five categories. Zhang et al. [31] used the improved YoloV4 model to detect
potato defects and achieved an average accuracy of 91.4% for potato defect identification.

Although these methods have achieved good inspection and grading results, they
are subject to certain limitations. For example, shape classification based on simple geo-
metric features cannot cope with the complex shape of irregular potatoes. Fourier shape
descriptors work well for round and oval potatoes but not for complicated irregular pota-
toes and are susceptible to noise and local information interference, meaning they lack
robustness. Invariant moments increase the computational effort, making them unsuitable
for applications requiring real-time performance. Manually designed features are high in
accuracy with respect to training sets but need to be redesigned if new irregular features
appear. More importantly, existing high-accuracy shape detection methods use more than
one feature, leading to a high dimensionality of the feature parameters and increasing
the grading effort. Deep learning approaches require massive datasets and tedious and
time-consuming data-labeling and training efforts. In practical industrial applications, deep
learning also demands advanced hardware facilities, with considerable associated costs.

With the maturity and perfection of image processing and machine vision technology,
as well as the development needs of precision agriculture, countries have begun to study
the use of computer vision technology for the grading and inspection of agricultural prod-
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ucts [32]. Machine vision inspection has the advantages of economy, objectivity, and high
index, which overcome the disadvantages of high labor costs, low efficiency, vague grading
standards, and subjectivity of manual expert inspection. It has become a hot research topic
in crop shape inspection [33]. However, existing methods use high-dimensional feature
parameters to accurately detect the complex variable shapes of irregular potatoes. It is still
challenging to effectively and accurately describe the shape of potatoes using a minimal
number of features [34].

With this problem in mind, a method of irregular potato identification based on
Hausdorff distance and IoU is proposed to achieve accurate identification of irregular
potatoes with a minimum number of features. The contributions of this paper are as follows:

1. Construction of a dataset of potatoes: after resizing, translation, graying, segmentation,
morphological filtering, and median filtering, a canny edge-detection operator is used
to extract potato contours;

2. Using the least-squares method to fit the potato contour to an ellipse, the perimeter
ratio, area ratio, Hausdorff distance, and IoU feature parameters are extracted;

3. We analyze the characterization ability of perimeter ratio, area ratio, Hausdorff dis-
tance, and IoU. Experimental validation showed that the characterization ability
of perimeter ratio and area ratio is inferior to that of Hausdorff distance and IoU.
Therefore, Hausdorff distance and IoU are suitable feature parameters for identifying
irregular potatoes;

4. A suitable threshold value is determined to identify irregular potatoes. Furthermore,
standards for identifying irregular potatoes are established. The experimental re-
sults show that the two proposed features have excellent recognition ability, with a
maximum F1 score of 0.9796.

The remainder of this paper is organized as follows. In Section 2, we introduce the
experimental sample and the vision acquisition device and details the algorithm’s overall
flow. In Section 3, we analyze the characterization ability of the four features, establish
a standard for identifying irregular potatoes, and present the experimental results. In
Section 4, we discuss the problems encountered in execution of the algorithm and draw its
advantages. In Section 5, we present our conclusions.

2. Materials and Methods
2.1. Potato Samples

There is a wide variety of potatoes, with more than a thousand varieties available
worldwide. According to external shape and color, potatoes can be divided into seven broad
categories [35], as shown in Appendix A. XiSen 6 potatoes, native to Urumqi, Xinjiang,
China, are used as the experimental material in this experiment. They are yellowish-
brown in appearance, with three types of shapes: round-like, oval, and irregular. The
test sample consisted of 273 potatoes, including 75 irregular potatoes. According to the
definition of irregular potato in national standard [36] GB/T 31784-2015 “Code of practice
for grading and inspecting of commercial potatoes“ (irregularity: not conforming to the
original morphological characteristics of the tubers of the variety), the experimental potato
samples are manually classified by experienced potato grading experts into two categories:
regular potatoes and irregular potatoes. Regular potatoes and various irregular potatoes
are shown in Figure 1.
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Figure 1. Various regular and irregular potatoes.

2.2. Vision Acquisition System

As shown in Figure 2, the vision acquisition system consists of a shooting background
board, an industrial camera, an LED strip light source, and an upper host computer.

Figure 2. Vision acquisition system.

The principal parameters of the vision acquisition system are shown in Table 1. The in-
dustrial camera is an MV-CA060-10GC from HIKROBOT, China, with Sony’s IMX178
CMOS chip and fast real-time data transmission to the host computer via a Gigabit
LAN port, a maximum frame rate up to 17 fps, 6 million pixels, and image resolution
of 3072 × 2048. The camera lens faces downward vertically to photograph potatoes, with a
reasonable working distance of 300 mm. The light source is an LED strip, shining vertically
onto the potato surface, with a color temperature of 6500–7500 K. The purpose of installing
a light source is to eliminate shadows in the image to improve the quality of the captured
image. The background board is the most prominent black because black is most conducive
to the subsequent segmentation of the potato image foreground and background.
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Table 1. Principal parameters of the vision acquisition system.

Parameter Value

Camera model HIKROBOT-MV-CA060-10GC
Country China

Camera working distance 300 mm
Lens focal 12 mm

Field of view size 300 mm × 200 mm
Sensor type CMOS
Resolution 3072 × 2048
Pixel size 2.4 µm

Frame rate 17 fps
Light source

Color temperature
LED strip light source

6500–7500 K

2.3. Algorithm Flow Chart

A flow chart identifying irregular potatoes is shown in Figure 3.

Figure 3. Flow chart of the irregular potato identification algorithm.

2.4. Image Preprocessing

The shape feature of the potato is not affected by factors such as lighting, color, and
texture and is considered a stable feature [37]. To better extract the shape features of
potatoes, the images need to be preprocessed. Because identifying irregular potatoes
requires only contour information, the ultimate goal of image preprocessing is to retain
the contour information of potatoes and eliminate information that is not relevant to the
contour. Image preprocessing includes resizing, translation, graying, image segmentation,
and filtering.

In the experiment, to improve the overall efficiency of the algorithm, the acquired
potato image (3072 × 2048) is resized to 614 × 410 using region interpolation with a scaling
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factor of 0.2, as shown in Figure 4a. The results show that the efficiency of image processing
is significantly improved after image scaling. As shown in Figure 4b, the potato is translated
to the center of the image to clarify the potato’s contour and avoid extracting an incomplete
contour. Graying is performed as shown in Figure 4b, and the weighted average method
is often used, that is, the pixel values of B, G, and R channels are multiplied by different
weights; the results are shown in Figure 4c. The redundant color information is eliminated
after graying, which further improves the efficiency of image preprocessing. Then, the Otsu
algorithm is used to identify the best threshold value for the foreground and background
segments. Next, a binary image is obtained. Figure 4d shows the result after binarization
by Otsu’s algorithm. A morphological filtering operation is performed to eliminate the
noise points in the binary image; the results are shown in Figure 4e. After morphological
filtering, all noise points in the binary image have been eliminated. However, the image
contour becomes is not smooth after morphological filtering. Three methods of Gaussian
filtering, median filtering, and bilateral filtering are used to smooth the edge contour. As
shown in Figure 4f–h, Gaussian filtering and bilateral filtering do not have a good edge
smoothing effect, instead blurring the image. Median filtering smooths the edge contour,
achieving a positive result.

Figure 4. Image preprocessing results: (a) resizing, (b) translation, (c) graying, (d) binarization,
(e) morphological filtering, (f) Gaussian filtering, (g) media filtering, and (h) bilateral filtering.

2.5. Edge Detection and Ellipse Fitting

After obtaining the ideal binary image, canny edge detection is used to extract the
potato image contours, as shown in Figure 5b. Canny edge detection can extract a complete
and precise contour. A regular potato has a shape similar to an ellipse. In contrast, an
irregular potato differs significantly from an ellipse. Ellipse fitting is important in target
detection, target tracking, feature extraction, and image segmentation [38–41]. Therefore,
the potato contour image is fitted to an ellipse, the contour image is compared with the
fitted ellipse image, and the difference in shape between the two images is used to describe
the degree of irregularity of the potato and thus identify irregular potatoes. Commonly
used ellipse-fitting methods include least squares, Hough transform, and edge tracing [42].
The ellipse-fitting method based on Hough transformation is insensitive to isolated points
and can solve cases in which the ellipse is occluded. However, because it considers each
edge pixel point of the image for voting, the computation complexity is significantly
increased, requiring increased memory resources [43], somewhat limiting its application.
Compared to the Hough transform approach, the edge-tracking method is more efficient
in terms of computation and storage. Moreover, it utilizes the information of geometric
correlation between points [44]. The least-squares method is widely used because of its ease
of implementation and its ability to obtain closure results [45]. However, the least-squares
process is sensitive to noise points, which must be strictly controlled. Considering the
real-time practicality of the algorithm, the least-squares method is proposed for use in
ellipse fitting of potato contours.
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Figure 5. Contour images vs. ellipse images: (a) original images, (b) contour images, (c) ellipse
images, and (d) overlay of profile images on ellipse images.

The potato contour is fitted to an ellipse using a least-squares ellipse-fitting method,
as shown in Figure 5c,d. The difference between the potato contour image and the fitted
ellipse image shows that the regular potato contour and the fitted ellipse approximately
overlap. However, there is a significant difference between the contour of the irregular
potato and the fitted ellipse. Therefore, the similarity between the contour and fitted ellipse
images can be used to identify irregular potatoes.

2.6. Feature Extraction

Three feature parameters are proposed to characterize the degree of potato irregularity
based on ellipse fitting: the ratio between the potato contour perimeter and the fitted ellipse
perimeter, the ratio between the potato contour area and the fitted ellipse area, and the
Hausdorff distance between the potato contour image and the fitted ellipse image.

2.6.1. Perimeter Ratio

Regular potatoes have a shape similar to an ellipse, whereas irregular potatoes are
primarily irregular in shape and differ considerably from an ellipse. Therefore, the potato
contour perimeter and the fitted ellipse perimeter ratio are characteristic parameters used
to characterize the degree of potato irregularity. C is the perimeter ratio, as shown in
Equation (1).

C =
Cp

Ce
(1)

where Cp is the potato contour perimeter, and Ce is the fitted ellipse perimeter.
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2.6.2. Area Ratio

Similarly, the ratio of the area of the potato contour area to the fitted ellipse area is
used as a characteristic parameter to characterize the degree of potato irregularity. A is the
ratio of area, as shown in Equation (2).

A =
Ap

Ae
(2)

where Ap is the potato contour area, and Ae is the fitted ellipse area.

2.6.3. Hausdorff Distance

Suppose that the fitted elliptical coordinate points are p(xk, yk), where k = 1, 2, N; N is
the number of ellipse contour points; and xk and yk are the coordinates of the fitted ellipse
points in the image. The potato contour coordinates are q(uk, vk), where k = 1, 2, n; n is
the number of contour points; and uk and vk are the coordinates of potato contour points
in the image. Assume that the ellipse points fitted by the least-squares method constitute
set P, and the potato contour points constitute set Q. Because the shape of the regular
potato image is similar to an ellipse and the form of the irregular potato is significantly
different from an ellipse, the feature extraction of the irregular potato is transformed into
a measure of the similarity between sets P and Q. To describe the similarity between sets
P and Q, traditional Euclidean distance is used to measure the similarity between sets. It
does not consider the relative positions of the points between the two sets nor the overall
characteristics of the sets. However, the Hausdorff distance integrates the relative positions
of object and complete shapes to calculate the similarity. Hausdorff distance has been
an indispensable tool for solving computer vision and pattern recognition problems [46].
Therefore, Hausdorff distance is used as the irregularity feature parameter of potatoes.

Considering the contour of the target shape as an unordered set of points, suppose that
the fitted ellipse image constitutes set P, and the potato boundary contour image constitutes
set Q.

P ={p1, p2, . . . , pn}
Q ={q1, q2, . . . , qn}

Then, the Hausdorff distance between sets P and Q is defined as:

H(P, Q) = max(h(P, Q), h(Q, P)) (3)

where H(P, Q) represents the bidirectional Hausdorff distance between sets P and Q; and
h(P, Q) and h(Q, P) are the unidirectional Hausdorff distances from set P to set Q and from
set Q to set P, respectively. The mathematical expressions are as follows:

h(P, Q) = max
p∈P
{min

q∈Q
(||p-q||)}

h(Q, P) = max
q∈Q
{min

p∈P
(||p-q||)} (4)

where ‖ • ‖ represents the L2 norm. Calculate the distances between all points in sets P
and Q; then, select the point farthest from set Q and calculate the distance between P and
its nearest neighbor in Q. Take the value of this distance as h(P, Q); similarly, calculate h(Q,
P), as shown in Figure 6.

The bidirectional Hausdorff distance between P and Q takes the maximum of h(P,
Q) and h(Q, P), and the bidirectional Hausdorff distance measures the maximum non-
matching degree between sets P and Q. The shorter the Hausdorff distance between two
sets, the more similar they are.
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Figure 6. Diagram of Hausdorff distance calculation.

2.6.4. Intersection over Union

Intersection over Union (IoU) is widely used in deep learning and measures the degree
of overlap between the prediction box and the ground truth box in object detection. The
formula for calculating IoU is shown in Equation (5).

IoU =
Area of Overlap
Area of Union

(5)

As shown in Figure 7, the prediction box (red) does not overlap with the ground truth
box (green) when detecting road pedestrians. To evaluate the performance of the object
detection algorithm, IoU is used to represent the degree of overlap between the prediction
box and the ground truth box.

Figure 7. Object detection. The green box represents the ground truth box and the red box represents
the prediction box.

If IoU is equal to 1, the prediction box completely overlaps with the truth box, and the
algorithm performs exceptionally well. On the contrary, if IoU is equal to 0, the prediction
box does not intersect with the truth box, and the algorithm fails. In other words, the degree
of overlap between the prediction box and the truth box reflects the excellent or inadequate
performance of the algorithm.

In this paper, if we consider the potato contour as the truth box and the fitted ellipse
as the prediction box, then we get Equation (6).

IoU =
ContourArea∩ EllipseArea
ContourArea∪ EllipseArea

(6)

As shown in Figure 5d, the potato contour and the fitted ellipse must have intersections.
The intersection and union of regular potatoes are relatively close, whereas the intersection
and union of irregular potatoes show apparent differences. Therefore, IoU is used as a
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characteristic parameter to identify irregular potatoes; the farther the IoU is from 1, the
more likely it is to be an irregular potato.

3. Results
3.1. Characterization Ability of Features
3.1.1. Perimeter Ratio and Area Ratio

To verify the characterization ability of perimeter ratio and area ratio in identifying
irregular potatoes, 25 irregular potatoes and 50 regular potatoes are deliberately selected
from the sample to form an example set for analysis of perimeter ratio and area ratio
characterization ability. The deliberate selection is intended to make the pieces as diverse
as possible to include both irregular and regular potatoes and ensure a broad sample set,
after which the perimeter and area ratio is calculated separately for each sample.

The ratios of contour perimeter and ellipse perimeter of irregular and regular potatoes
are shown in Figure 8 (only 25 regular potatoes are shown). The perimeter ratios of regular
potatoes are both close to 1 and more stable compared to irregular potatoes. However, there
is no clear boundary between the perimeter ratios of irregular and regular potatoes due
to the extreme instability of the perimeter ratios of irregular potatoes. Furthermore, some
irregular potatoes have perimeter ratios closer to 1 than regular potatoes, as in samples 2, 5,
and 7. Therefore, finding an actual threshold to distinguish between irregular and regular
potatoes is impossible.

Figure 8. Perimeter ratio of potatoes.

The ratios of contour area and ellipse area for irregular and regular potatoes are shown
in Figure 9. Similar to the perimeter ratio, the area ratios of the regular potatoes are all
close to 1. However, a definite threshold could not be found to distinguish irregular from
regular potatoes.

Figure 9. Area ratio of potatoes.

3.1.2. Hausdorff Distance

Hausdorff distance is used as a feature parameter of irregular potatoes to measure
the matching degree between the potato contour image and the fitted ellipse image. The
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larger the value of Hausdorff distance, the higher the degree of non-match between the two
images. The results of the Hausdorff distance calculation for irregular potatoes are shown
in Figure 10, and the results of the Hausdorff distance calculation for regular potatoes are
shown in Figure 11.

Figure 10. Hausdorff distance calculation results for irregular potatoes.

Figure 11. Hausdorff distance calculation results for regular potatoes.

The P set in Figures 10 and 11 represents the fitted ellipse, set Q represents the potato
contour, and HD represents the Hausdorff distance between sets P and Q. The Hausdorff
distances for the two potatoes in Figure 10 are 141 and 40, respectively, and in Figure 11,
the Hausdorff distances are 17 and 13. The calculation results showed that the Hausdorff
distance value of irregular potatoes is significantly larger than that of regular potatoes. The
larger the Hausdorff distance value of irregular potatoes, the higher the degree of non-
match between the two sets and the higher the probability that the potatoes are irregular.

To further analyze the characterization ability of Hausdorff distance in identifying
irregular potatoes, 25 different irregular potatoes and 50 regular potatoes are intentionally
selected from the sample to form an example set for analysis of Hausdorff distance char-
acterization ability. The purpose of deliberate selection is to make the piece as diverse as
possible by including a wide variety of irregular and regular potatoes and ensure a broad
sample set. Figure 12 represents the Hausdorff distance distribution of the samples. The
Hausdorff distance values for the irregular and regular potatoes have clear thresholds.

As shown in Table 2, the minimum value of Hausdorff distance for irregular potatoes
is 23.43, whereas the maximum value of Hausdorff distance for regular potatoes is 20.
There is no intersection of Hausdorff distance values for irregular and regular potatoes,
with clear thresholds. The mean and standard deviation show that the Hausdorff distances
of irregular potatoes are generally large and fluctuate significantly, which also verifies
the complexity and variability of irregular potato shapes from the side. Therefore, the
Hausdorff distance values of irregular and regular potatoes are vastly different, and the
Hausdorff distance can effectively characterize whether a potato is irregular or regular.
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Figure 12. Hausdorff distance values for irregular and regular potatoes.

Table 2. Maximum, minimum, mean, and standard deviation of Hausdorff distance.

Parameter Irregular Potatoes Regular Potatoes

Maximum 152.46 20.00
Minimum 23.43 5.09

Mean 58.86 12.72
Standard deviation 36.72 4.30

3.1.3. IoU

Using IoU to identify irregular potatoes, the closer the value of IoU is to 1, the more
likely it is to be a regular potato; the inverse is true for irregular potatoes. Table 3 represents
the IoU calculation results for regular and irregular potatoes. IoU values of regular potatoes
are more significant than those of irregular potatoes because the shape of the regular potato
contour is closer to an ellipse.

Table 3. IoU calculation results for regular and irregular potatoes.

Type Number Contour Ellipse Intersection Union IoU

Regular

1
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Figure 13. IoU values for regular and irregular potatoes.

As shown in Table 4, the IoU values of the regular potatoes are highly stable, all
greater than 0.93. The majority of the IoU values for irregular potatoes are below 0.9. The
maximum value is 0.9347, which is very close to the value for regular potatoes.

Table 4. Maximum, minimum, mean, and standard deviation of IoU.

Parameter Irregular Potatoes Regular Potatoes

Maximum 0.9347 0.9796
Minimum 0.7890 0.9333

Mean 0.8538 0.9536
Standard deviation 0.0321 0.0112

3.2. Establishing Identification Standards for Irregular Potatoes

In summary, the two characteristic parameters, perimeter ratio and area ratio, are less
well characterized than the Hausdorff distance and the IoU. Therefore, Hausdorff distance
and IoU are used as characteristic parameters to describe irregular potatoes. Based on the
previous analysis, we can conclude the identification standards of irregular potatoes, as
shown in Table 5.

Table 5. Irregular potato identification threshold.

Feature Regular Potatoes Irregular Potatoes

Hausdorff Distance Less than or equal to 21 Greater than 21
IoU Greater than 0.925 Less than or equal to 0.925

3.3. Evaluation Metrics for Recognition Rate

Many recognition rate evaluation metrics for algorithms are available, and a single
evaluation metric is not comprehensive enough in the practical application process. There-
fore, in this study, we use four metrics to evaluate the algorithm’s accuracy: accuracy,
precision, recall, and F1 score.

Accuracy is defined as the number of correctly classified samples as a percentage of
all models. Accuracy is calculated as shown in Equation (7). The specific definitions of TP,
TN, FP, and FN are shown in Table 6.

Accuracy =
TP + TN

TP + FP + TN + FN
(7)
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Table 6. Specific definitions of TP, TN, FP, and FN.

P (Positive, 1) N (Negative, 0)

T (True, 1) TP (Positive samples predicted by
the model to be positive)

TN (Negative samples predicted
by the model to be negative)

F (False, 0) FP (Negative samples predicted by
the model to be positive)

FN (Positive samples predicted by
the model to be negative)

Precision is defined as the proportion of samples with a predicted value of 1 and an
actual value of 1 among all models with a predicted value of 1. Precision is calculated as
shown in Equation (8).

Precision =
TP

TP + FP
(8)

Recall is defined as the proportion of samples with a predicted value of 1 and an
actual value of 1 among all models with a true value of 1. Recall is calculated as shown in
Equation (9).

Recall =
TP

TP + FN
(9)

F1 score is a statistical metric used to evaluate the recognition rate of a binary classifi-
cation model. It combines the precision and recall of the classification model at a given time.
The F1 score can be considered a weighted average of the model precision and recall, with
a maximum value of 1 and a minimum value of 0. Larger values indicate better models.
The F1 score is calculated as shown in Equation (10).

F1 score = 2 · Precision · Recall
Precision + Recall

(10)

The number of positive and negative samples in the experiment is not balanced;
therefore, it is not appropriate to use the accuracy metric to evaluate the algorithm. In this
paper, we estimate the algorithm’s performance using a combination of precision, recall,
and F1 scores.

3.4. Experimental Validation

From the irregular potato identification standard, 98 normal potatoes and 50 irregular
potatoes are randomly selected as the validation set to identify irregular potatoes. The iden-
tification results for Hausdorff distance and IoU are shown in Tables 7 and 8, respectively.

Table 7. Identification results using Hausdorff distance.

True Irregular True Regular

Identified Irregular 49 (TP) 3 (FP)
Identified Regular 1 (FN) 95 (TN)

Table 8. Identification results using IoU.

True Irregular True Regular

Identified Irregular 48 (TP) 0 (FP)
Identified Regular 2 (FN) 98 (TN)

A comparison of Tables 7 and 8 shows that Hausdorff distance is prone to incorrectly
identifying regular potatoes as irregular potatoes, whereas no incorrect identification
occurs when IoU is used to identify regular potatoes. However, the Hausdorff distance
has a more vital characterization ability in identifying irregular potatoes, with fewer
incorrect identifications.
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4. Discussion
4.1. Shooting Perspective

The perspective plays a vital role in the performance of the captured 2D potato images
and the proposed method. For irregular potatoes, the shape is complex and variable,
and the morphological characteristics of potatoes differ depending on the shooting angle.
Figure 14 shows three views of an irregular potato with differing appearance characteristics.

Figure 14. Images of an irregular potato from different shooting perspectives: (a) front shot, (b) back
shot, and (c) side shot.

Because the morphological characteristics of potatoes differ according to the shooting
perspective, the extracted contours and fitted ellipses, as well as the Hausdorff distance
values, also differ according to the shooting perspective. Therefore, the Hausdorff distance
values of an irregular potato from each of the three perspectives are calculated as shown
in Figure 15.

Figure 15. Hausdorff distance values of irregular potatoes from different perspectives.

As shown in Figure 15, the Hausdorff distance values vary depending on the shooting
angle. However, the change in Hausdorff distance values does not affect the final identifi-
cation of the potatoes, as all three Hausdorff distance values are more significant than the
discrimination threshold for irregular potatoes.

Table 9 shows the IoU values of irregular potatoes for the three viewpoints, similar
to the Hausdorff distance. However, the different views have different IoU values, which
does not influence the final recognition results.

In the experiment, the lens of the industrial camera faces downward vertically, and
the bottom of the potato cannot be photographed. Assuming that the camera angle is
fixed, the potato is placed in a position in which it can stand naturally. If there happens
to be a natural standing position in which the irregular part of the potato is entirely at the
bottom of, the otherwise irregular potato is photographed as a regular potato. Once such a
shooting perspective exists, irregular potatoes can be incorrectly treated as regular potatoes,
directly affecting the final recognition rate. Therefore, at the two-dimensional level, the
perspective of the shot is crucial. Figure 16 shows the influence of the shooting angle on
the algorithm’s robustness.
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Table 9. IoU calculation results for irregular potatoes with multiple views.

Perspective Contour Ellipse Intersection Union IoU

1
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As shown in Figure 16, the recall and the F1 scores fluctuate considerably depending
on the shooting angle in the case of a small sample size. As the sample size increases, the
recall and the F1 scores fluctuate less and gradually converge to a specific value. Potato
images can be acquired from multiple angles to avoid false recognition due to view angle.
The final Hausdorff distance is taken as the maximum value under multiple view angles.
The IoU is taken as the minimum value.

4.2. Datasets and Thresholds

The existing public potato dataset has the disadvantages of cluttered shooting back-
ground, low image quality, and lack of irregular potato samples. Therefore, in this study,
we use a self-built visual acquisition system to capture potato images. To ensure that the
dataset is representative, potato samples are selected by six experienced potato graders.
Groups of two workers are divided into three groups. The first group specializes in se-
lecting potatoes with minor irregularities, and the second group specializes in selecting
potatoes with severe irregularities. After the first two groups are completed, a third group
categorizes irregular potatoes as slightly or severely irregular based on the results of the
first two groups. Finally, the six workers jointly select the samples of regular potatoes,
forming the dataset used in this study.

The size of the original dataset image is 3072 × 2048. To reduce the CPU computation
requirements and improve the running efficiency of the algorithm, the image is scaled
to 614 × 410. Although the change in the image resolution compromises some texture
information, the shape of the potato does not change as a result of image scaling, and the
texture information does not affect the shape of the discriminated potato. The Hausdorff
distance threshold (21) is derived based on an image size of 614 × 410. Therefore, the
threshold is valid as long as the image size is guaranteed to be 614 × 410. The image
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resolution does not influence the threshold for identifying irregular potatoes using IoU.
Admittedly, the threshold is not constant and fluctuates depending on the potato variety.

4.3. Advantages of the Algorithm

Deep learning methods require large datasets to complete model training. Unfortu-
nately, for irregular potato identification, a large and diverse dataset has not been compiled
for use by researchers [47]. Moreover, labeling training data is a time-consuming and labor-
intensive task [48]. Furthermore, the model training process is associated with demand
for CPU and GPU computing power; the less computing power, the longer required for
training [49,50]. In addition, the model’s design is crucial, and a flawed model is likely
to overfit or underfit [51]. In this study, we use traditional image processing methods to
identify irregular potatoes by combining the above factors.

Currently, many parameters describe shapes, but they are generally divided into
region-based feature parameters and boundary-based feature parameters. In traditional
image processing methods, geometric features, Fourier descriptors, and invariant moments
are usually used to extract potato shape features. Invariant moments are region-based
feature parameters. Geometric features and Fourier shape descriptors are boundary-based
feature parameters [52]. In this paper, we propose, for the first time, the use of Hausdorff
distance and IoU based on ellipse fitting to describe the shape features of potatoes. With the
dataset built in this paper, the geometric features, Fourier descriptors, invariant moments,
Hausdorff distance, and IoU are used to identify irregular potatoes. The geometric feature
method first calculates the smallest external rectangle of the potato view. It then uses the
ratio of the area of the smallest external rectangle and the contour as a feature parameter
to identify irregular potatoes. The Fourier descriptors take the Fourier transform of the
potato boundary information as the shape feature, transform the contour feature from the
spatial domain to the frequency domain, and extract the frequency domain information
as the feature vector of the image. Generally, the first 10–15 dimensions of the feature
vector are taken; in this paper, the first 15 dimensions of the feature vector are taken to
describe the shape of potatoes. We use BP neural networks to implement the classification.
The invariant moment method extracts 10 invariant moments in the image after edge
detection to represent the shape of potatoes. Then, the calculated invariant moments
feature parameters are input to the SVM to achieve the classification. The recognition rate
and execution time of each feature are shown in Table 10.

Table 10. Recognition rate and execution time with different features.

Feature Precision Recall F1 Score Executive Time (ms)

Geometric Features 0.86 0.8113 0.8349 98
Fourier Descriptors 0.96 0.8276 0.8889 296
Invariant Moments 0.92 0.9019 0.9109 245
Hausdorff Distance 0.9423 0.98 0.9608 86

IoU 1 0.96 0.9796 79

As shown in Table 10, the Hausdorff distance and the IoU achieve excellent perfor-
mance, with the highest recognition rate and the shortest execution time. The reasons for
such results are as follows.

1. The shape of irregular potatoes is complex, and the perimeter and area ratios take
into account global features but cannot take into account local features;

2. Fourier descriptors are effective for round and oval potatoes but easily make incorrect
predictions for irregular potatoes with irregular contours;

3. Invariant moments have a good recognition rate, but to obtain higher recognition
accuracy, the feature vectors of the three classical shape features are often multidimen-
sional. As a result, machine learning classifiers, such as BP neural networks and SVM,
are required to identify irregular potatoes, increasing the identification time.
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In this paper, a method of irregular potato identification based on Hausdorff distance
and IoU is proposed, which does not require massive datasets, data training, and high
computing power, instead requiring comparatively affordable hardware equipment. The
proposed method recognizes only simple threshold segmentation, significantly reducing
the complexity of the algorithm. More importantly, the algorithm achieves excellent
performance, with a maximum F1 score of 0.9796.

5. Conclusions

We propose a new algorithm to identify irregular potatoes, achieving excellent per-
formance, with a maximum F1 score of 0.9796, making it capable of meeting practical
industrial needs. The potato contour is extracted by canny edge detection, and the contour
is fitted to an ellipse using the least-squares method. Four feature descriptors, perimeter
ratio, area ratio, Hausdorff distance, and IoU are proposed based on ellipse fitting. The
experimental results show that the characterization ability of perimeter ratio and area ratio
is inferior to that of Hausdorff distance and IoU. The proposed algorithm uses Hausdorff
distance and IoU separately to identify irregular potatoes, significantly reducing the di-
mensionality of feature parameters and the computational complexity of the algorithm.
More importantly, the algorithm proposed in this paper does not require a training process
and can accurately identify irregular potatoes using only simple threshold segmentation.
The algorithm proposed of this paper provides a theoretical basis and technical reference
for detection of irregular potatoes. It can also be extended to detection of other irregular
agricultural products, which is essential for promoting the appreciation and processing of
farm products.

To ensure the robustness of the algorithm, the following factors are critical:

1. Potato shooting perspective;
2. A clear and complete contour of the captured potato images.

The potato image dataset was obtained under good lighting conditions in a laboratory.
In the future, it will be a challenging task to acquire potato images with more complex
lighting environments and backgrounds in order to build datasets with larger samples. In
addition, potatoes present with a wide variety of surface defects. Therefore, exploration
of efficient identification algorithms to detect a wider range of defects with the help of
advanced computer vision technology will constitute a principal research task in the future.

Author Contributions: Conceptualization, Y.Y. and Y.C.; methodology, Y.Y.; software, Y.Y. and H.J.;
validation, Y.Y., H.J. and Y.C.; formal analysis, Y.C.; investigation, Y.C. and Y.Y.; resources, X.Z.;
data curation, Y.C. and Y.Y.; writing—original draft preparation, Y.Y.; writing—review and editing,
Y.Y. and H.J.; visualization, Y.Y. and Y.C.; supervision, X.Z.; project administration, H.J.; funding
acquisition, X.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are not publicly available due to privacy considerations.

Acknowledgments: Thanks to Laboratory B203, School of Mechanical Engineering, Xinjiang Univer-
sity, for providing the experimental platform for this study.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2022, 22, 5740 19 of 20

Appendix A

The seven major types of potatoes:

Sensors 2022, 22, 5740 19 of 21 
 

 

Hausdorff distance and IoU separately to identify irregular potatoes, significantly reduc-
ing the dimensionality of feature parameters and the computational complexity of the al-
gorithm. More importantly, the algorithm proposed in this paper does not require a train-
ing process and can accurately identify irregular potatoes using only simple threshold 
segmentation. The algorithm proposed of this paper provides a theoretical basis and tech-
nical reference for detection of irregular potatoes. It can also be extended to detection of 
other irregular agricultural products, which is essential for promoting the appreciation 
and processing of farm products. 

To ensure the robustness of the algorithm, the following factors are critical: 
1. Potato shooting perspective; 
2. A clear and complete contour of the captured potato images. 

The potato image dataset was obtained under good lighting conditions in a labora-
tory. In the future, it will be a challenging task to acquire potato images with more com-
plex lighting environments and backgrounds in order to build datasets with larger sam-
ples. In addition, potatoes present with a wide variety of surface defects. Therefore, ex-
ploration of efficient identification algorithms to detect a wider range of defects with the 
help of advanced computer vision technology will constitute a principal research task in 
the future. 

Author Contributions: Conceptualization, Y.Y. and Y.C.; methodology, Y.Y.; software, Y.Y. and 
H.J.; validation, Y.Y., H.J. and Y.C.; formal analysis, Y.C.; investigation, Y.C. and Y.Y.; resources, 
X.Z.; data curation, Y.C. and Y.Y.; writing—original draft preparation, Y.Y.; writing—review and 
editing, Y.Y. and H.J.; visualization, Y.Y. and Y.C.; supervision, X.Z.; project administration, H.J.; 
funding acquisition, X.Z. All authors have read and agreed to the published version of the manu-
script. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data are not publicly available due to privacy considerations. 

Acknowledgments: Thanks to Laboratory B203, School of Mechanical Engineering, Xinjiang Uni-
versity, for providing the experimental platform for this study. 

Conflicts of Interest: The authors declare no conflict of interest. 

Appendix A 
The seven major types of potatoes: 

 
Russet 

 
Red 

 
White 

 
Yellow 

 
Blue/Purple 

 
Fingerling 

 
Petite 

 

References 
1. Xu, N.; Zhang, H.L.; Zhang, R.H.; Xu, Y.K. Current Situation and Prospect of Potato Planting in China. Chin. Potato J. 2021, 35, 

81–97. https://doi.org/10.19918/j.cnki.1672-3635.2021.01.012. 
2. Zheng, Z.; Zhao, H.; Liu, Z.; He, J.; Liu, W. Research Progress and Development of Mechanized Potato Planters: A Review. 

Agriculture 2021, 11, 521. https://doi.org/10.3390/agriculture11060521. 

Sensors 2022, 22, 5740 19 of 21 
 

 

Hausdorff distance and IoU separately to identify irregular potatoes, significantly reduc-
ing the dimensionality of feature parameters and the computational complexity of the al-
gorithm. More importantly, the algorithm proposed in this paper does not require a train-
ing process and can accurately identify irregular potatoes using only simple threshold 
segmentation. The algorithm proposed of this paper provides a theoretical basis and tech-
nical reference for detection of irregular potatoes. It can also be extended to detection of 
other irregular agricultural products, which is essential for promoting the appreciation 
and processing of farm products. 

To ensure the robustness of the algorithm, the following factors are critical: 
1. Potato shooting perspective; 
2. A clear and complete contour of the captured potato images. 

The potato image dataset was obtained under good lighting conditions in a labora-
tory. In the future, it will be a challenging task to acquire potato images with more com-
plex lighting environments and backgrounds in order to build datasets with larger sam-
ples. In addition, potatoes present with a wide variety of surface defects. Therefore, ex-
ploration of efficient identification algorithms to detect a wider range of defects with the 
help of advanced computer vision technology will constitute a principal research task in 
the future. 

Author Contributions: Conceptualization, Y.Y. and Y.C.; methodology, Y.Y.; software, Y.Y. and 
H.J.; validation, Y.Y., H.J. and Y.C.; formal analysis, Y.C.; investigation, Y.C. and Y.Y.; resources, 
X.Z.; data curation, Y.C. and Y.Y.; writing—original draft preparation, Y.Y.; writing—review and 
editing, Y.Y. and H.J.; visualization, Y.Y. and Y.C.; supervision, X.Z.; project administration, H.J.; 
funding acquisition, X.Z. All authors have read and agreed to the published version of the manu-
script. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data are not publicly available due to privacy considerations. 

Acknowledgments: Thanks to Laboratory B203, School of Mechanical Engineering, Xinjiang Uni-
versity, for providing the experimental platform for this study. 

Conflicts of Interest: The authors declare no conflict of interest. 

Appendix A 
The seven major types of potatoes: 

 
Russet 

 
Red 

 
White 

 
Yellow 

 
Blue/Purple 

 
Fingerling 

 
Petite 

 

References 
1. Xu, N.; Zhang, H.L.; Zhang, R.H.; Xu, Y.K. Current Situation and Prospect of Potato Planting in China. Chin. Potato J. 2021, 35, 

81–97. https://doi.org/10.19918/j.cnki.1672-3635.2021.01.012. 
2. Zheng, Z.; Zhao, H.; Liu, Z.; He, J.; Liu, W. Research Progress and Development of Mechanized Potato Planters: A Review. 

Agriculture 2021, 11, 521. https://doi.org/10.3390/agriculture11060521. 

Sensors 2022, 22, 5740 19 of 21 
 

 

Hausdorff distance and IoU separately to identify irregular potatoes, significantly reduc-
ing the dimensionality of feature parameters and the computational complexity of the al-
gorithm. More importantly, the algorithm proposed in this paper does not require a train-
ing process and can accurately identify irregular potatoes using only simple threshold 
segmentation. The algorithm proposed of this paper provides a theoretical basis and tech-
nical reference for detection of irregular potatoes. It can also be extended to detection of 
other irregular agricultural products, which is essential for promoting the appreciation 
and processing of farm products. 

To ensure the robustness of the algorithm, the following factors are critical: 
1. Potato shooting perspective; 
2. A clear and complete contour of the captured potato images. 

The potato image dataset was obtained under good lighting conditions in a labora-
tory. In the future, it will be a challenging task to acquire potato images with more com-
plex lighting environments and backgrounds in order to build datasets with larger sam-
ples. In addition, potatoes present with a wide variety of surface defects. Therefore, ex-
ploration of efficient identification algorithms to detect a wider range of defects with the 
help of advanced computer vision technology will constitute a principal research task in 
the future. 

Author Contributions: Conceptualization, Y.Y. and Y.C.; methodology, Y.Y.; software, Y.Y. and 
H.J.; validation, Y.Y., H.J. and Y.C.; formal analysis, Y.C.; investigation, Y.C. and Y.Y.; resources, 
X.Z.; data curation, Y.C. and Y.Y.; writing—original draft preparation, Y.Y.; writing—review and 
editing, Y.Y. and H.J.; visualization, Y.Y. and Y.C.; supervision, X.Z.; project administration, H.J.; 
funding acquisition, X.Z. All authors have read and agreed to the published version of the manu-
script. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data are not publicly available due to privacy considerations. 

Acknowledgments: Thanks to Laboratory B203, School of Mechanical Engineering, Xinjiang Uni-
versity, for providing the experimental platform for this study. 

Conflicts of Interest: The authors declare no conflict of interest. 

Appendix A 
The seven major types of potatoes: 

 
Russet 

 
Red 

 
White 

 
Yellow 

 
Blue/Purple 

 
Fingerling 

 
Petite 

 

References 
1. Xu, N.; Zhang, H.L.; Zhang, R.H.; Xu, Y.K. Current Situation and Prospect of Potato Planting in China. Chin. Potato J. 2021, 35, 

81–97. https://doi.org/10.19918/j.cnki.1672-3635.2021.01.012. 
2. Zheng, Z.; Zhao, H.; Liu, Z.; He, J.; Liu, W. Research Progress and Development of Mechanized Potato Planters: A Review. 

Agriculture 2021, 11, 521. https://doi.org/10.3390/agriculture11060521. 

Sensors 2022, 22, 5740 19 of 21 
 

 

Hausdorff distance and IoU separately to identify irregular potatoes, significantly reduc-
ing the dimensionality of feature parameters and the computational complexity of the al-
gorithm. More importantly, the algorithm proposed in this paper does not require a train-
ing process and can accurately identify irregular potatoes using only simple threshold 
segmentation. The algorithm proposed of this paper provides a theoretical basis and tech-
nical reference for detection of irregular potatoes. It can also be extended to detection of 
other irregular agricultural products, which is essential for promoting the appreciation 
and processing of farm products. 

To ensure the robustness of the algorithm, the following factors are critical: 
1. Potato shooting perspective; 
2. A clear and complete contour of the captured potato images. 

The potato image dataset was obtained under good lighting conditions in a labora-
tory. In the future, it will be a challenging task to acquire potato images with more com-
plex lighting environments and backgrounds in order to build datasets with larger sam-
ples. In addition, potatoes present with a wide variety of surface defects. Therefore, ex-
ploration of efficient identification algorithms to detect a wider range of defects with the 
help of advanced computer vision technology will constitute a principal research task in 
the future. 

Author Contributions: Conceptualization, Y.Y. and Y.C.; methodology, Y.Y.; software, Y.Y. and 
H.J.; validation, Y.Y., H.J. and Y.C.; formal analysis, Y.C.; investigation, Y.C. and Y.Y.; resources, 
X.Z.; data curation, Y.C. and Y.Y.; writing—original draft preparation, Y.Y.; writing—review and 
editing, Y.Y. and H.J.; visualization, Y.Y. and Y.C.; supervision, X.Z.; project administration, H.J.; 
funding acquisition, X.Z. All authors have read and agreed to the published version of the manu-
script. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data are not publicly available due to privacy considerations. 

Acknowledgments: Thanks to Laboratory B203, School of Mechanical Engineering, Xinjiang Uni-
versity, for providing the experimental platform for this study. 

Conflicts of Interest: The authors declare no conflict of interest. 

Appendix A 
The seven major types of potatoes: 

 
Russet 

 
Red 

 
White 

 
Yellow 

 
Blue/Purple 

 
Fingerling 

 
Petite 

 

References 
1. Xu, N.; Zhang, H.L.; Zhang, R.H.; Xu, Y.K. Current Situation and Prospect of Potato Planting in China. Chin. Potato J. 2021, 35, 

81–97. https://doi.org/10.19918/j.cnki.1672-3635.2021.01.012. 
2. Zheng, Z.; Zhao, H.; Liu, Z.; He, J.; Liu, W. Research Progress and Development of Mechanized Potato Planters: A Review. 

Agriculture 2021, 11, 521. https://doi.org/10.3390/agriculture11060521. 

Sensors 2022, 22, 5740 19 of 21 
 

 

Hausdorff distance and IoU separately to identify irregular potatoes, significantly reduc-
ing the dimensionality of feature parameters and the computational complexity of the al-
gorithm. More importantly, the algorithm proposed in this paper does not require a train-
ing process and can accurately identify irregular potatoes using only simple threshold 
segmentation. The algorithm proposed of this paper provides a theoretical basis and tech-
nical reference for detection of irregular potatoes. It can also be extended to detection of 
other irregular agricultural products, which is essential for promoting the appreciation 
and processing of farm products. 

To ensure the robustness of the algorithm, the following factors are critical: 
1. Potato shooting perspective; 
2. A clear and complete contour of the captured potato images. 

The potato image dataset was obtained under good lighting conditions in a labora-
tory. In the future, it will be a challenging task to acquire potato images with more com-
plex lighting environments and backgrounds in order to build datasets with larger sam-
ples. In addition, potatoes present with a wide variety of surface defects. Therefore, ex-
ploration of efficient identification algorithms to detect a wider range of defects with the 
help of advanced computer vision technology will constitute a principal research task in 
the future. 

Author Contributions: Conceptualization, Y.Y. and Y.C.; methodology, Y.Y.; software, Y.Y. and 
H.J.; validation, Y.Y., H.J. and Y.C.; formal analysis, Y.C.; investigation, Y.C. and Y.Y.; resources, 
X.Z.; data curation, Y.C. and Y.Y.; writing—original draft preparation, Y.Y.; writing—review and 
editing, Y.Y. and H.J.; visualization, Y.Y. and Y.C.; supervision, X.Z.; project administration, H.J.; 
funding acquisition, X.Z. All authors have read and agreed to the published version of the manu-
script. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data are not publicly available due to privacy considerations. 

Acknowledgments: Thanks to Laboratory B203, School of Mechanical Engineering, Xinjiang Uni-
versity, for providing the experimental platform for this study. 

Conflicts of Interest: The authors declare no conflict of interest. 

Appendix A 
The seven major types of potatoes: 

 
Russet 

 
Red 

 
White 

 
Yellow 

 
Blue/Purple 

 
Fingerling 

 
Petite 

 

References 
1. Xu, N.; Zhang, H.L.; Zhang, R.H.; Xu, Y.K. Current Situation and Prospect of Potato Planting in China. Chin. Potato J. 2021, 35, 

81–97. https://doi.org/10.19918/j.cnki.1672-3635.2021.01.012. 
2. Zheng, Z.; Zhao, H.; Liu, Z.; He, J.; Liu, W. Research Progress and Development of Mechanized Potato Planters: A Review. 

Agriculture 2021, 11, 521. https://doi.org/10.3390/agriculture11060521. 

Sensors 2022, 22, 5740 19 of 21 
 

 

Hausdorff distance and IoU separately to identify irregular potatoes, significantly reduc-
ing the dimensionality of feature parameters and the computational complexity of the al-
gorithm. More importantly, the algorithm proposed in this paper does not require a train-
ing process and can accurately identify irregular potatoes using only simple threshold 
segmentation. The algorithm proposed of this paper provides a theoretical basis and tech-
nical reference for detection of irregular potatoes. It can also be extended to detection of 
other irregular agricultural products, which is essential for promoting the appreciation 
and processing of farm products. 

To ensure the robustness of the algorithm, the following factors are critical: 
1. Potato shooting perspective; 
2. A clear and complete contour of the captured potato images. 

The potato image dataset was obtained under good lighting conditions in a labora-
tory. In the future, it will be a challenging task to acquire potato images with more com-
plex lighting environments and backgrounds in order to build datasets with larger sam-
ples. In addition, potatoes present with a wide variety of surface defects. Therefore, ex-
ploration of efficient identification algorithms to detect a wider range of defects with the 
help of advanced computer vision technology will constitute a principal research task in 
the future. 

Author Contributions: Conceptualization, Y.Y. and Y.C.; methodology, Y.Y.; software, Y.Y. and 
H.J.; validation, Y.Y., H.J. and Y.C.; formal analysis, Y.C.; investigation, Y.C. and Y.Y.; resources, 
X.Z.; data curation, Y.C. and Y.Y.; writing—original draft preparation, Y.Y.; writing—review and 
editing, Y.Y. and H.J.; visualization, Y.Y. and Y.C.; supervision, X.Z.; project administration, H.J.; 
funding acquisition, X.Z. All authors have read and agreed to the published version of the manu-
script. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data are not publicly available due to privacy considerations. 

Acknowledgments: Thanks to Laboratory B203, School of Mechanical Engineering, Xinjiang Uni-
versity, for providing the experimental platform for this study. 

Conflicts of Interest: The authors declare no conflict of interest. 

Appendix A 
The seven major types of potatoes: 

 
Russet 

 
Red 

 
White 

 
Yellow 

 
Blue/Purple 

 
Fingerling 

 
Petite 

 

References 
1. Xu, N.; Zhang, H.L.; Zhang, R.H.; Xu, Y.K. Current Situation and Prospect of Potato Planting in China. Chin. Potato J. 2021, 35, 

81–97. https://doi.org/10.19918/j.cnki.1672-3635.2021.01.012. 
2. Zheng, Z.; Zhao, H.; Liu, Z.; He, J.; Liu, W. Research Progress and Development of Mechanized Potato Planters: A Review. 

Agriculture 2021, 11, 521. https://doi.org/10.3390/agriculture11060521. 

Sensors 2022, 22, 5740 19 of 21 
 

 

Hausdorff distance and IoU separately to identify irregular potatoes, significantly reduc-
ing the dimensionality of feature parameters and the computational complexity of the al-
gorithm. More importantly, the algorithm proposed in this paper does not require a train-
ing process and can accurately identify irregular potatoes using only simple threshold 
segmentation. The algorithm proposed of this paper provides a theoretical basis and tech-
nical reference for detection of irregular potatoes. It can also be extended to detection of 
other irregular agricultural products, which is essential for promoting the appreciation 
and processing of farm products. 

To ensure the robustness of the algorithm, the following factors are critical: 
1. Potato shooting perspective; 
2. A clear and complete contour of the captured potato images. 

The potato image dataset was obtained under good lighting conditions in a labora-
tory. In the future, it will be a challenging task to acquire potato images with more com-
plex lighting environments and backgrounds in order to build datasets with larger sam-
ples. In addition, potatoes present with a wide variety of surface defects. Therefore, ex-
ploration of efficient identification algorithms to detect a wider range of defects with the 
help of advanced computer vision technology will constitute a principal research task in 
the future. 

Author Contributions: Conceptualization, Y.Y. and Y.C.; methodology, Y.Y.; software, Y.Y. and 
H.J.; validation, Y.Y., H.J. and Y.C.; formal analysis, Y.C.; investigation, Y.C. and Y.Y.; resources, 
X.Z.; data curation, Y.C. and Y.Y.; writing—original draft preparation, Y.Y.; writing—review and 
editing, Y.Y. and H.J.; visualization, Y.Y. and Y.C.; supervision, X.Z.; project administration, H.J.; 
funding acquisition, X.Z. All authors have read and agreed to the published version of the manu-
script. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data are not publicly available due to privacy considerations. 

Acknowledgments: Thanks to Laboratory B203, School of Mechanical Engineering, Xinjiang Uni-
versity, for providing the experimental platform for this study. 

Conflicts of Interest: The authors declare no conflict of interest. 

Appendix A 
The seven major types of potatoes: 

 
Russet 

 
Red 

 
White 

 
Yellow 

 
Blue/Purple 

 
Fingerling 

 
Petite 

 

References 
1. Xu, N.; Zhang, H.L.; Zhang, R.H.; Xu, Y.K. Current Situation and Prospect of Potato Planting in China. Chin. Potato J. 2021, 35, 

81–97. https://doi.org/10.19918/j.cnki.1672-3635.2021.01.012. 
2. Zheng, Z.; Zhao, H.; Liu, Z.; He, J.; Liu, W. Research Progress and Development of Mechanized Potato Planters: A Review. 

Agriculture 2021, 11, 521. https://doi.org/10.3390/agriculture11060521. 

References
1. Xu, N.; Zhang, H.L.; Zhang, R.H.; Xu, Y.K. Current Situation and Prospect of Potato Planting in China. Chin. Potato J. 2021,

35, 81–97. [CrossRef]
2. Zheng, Z.; Zhao, H.; Liu, Z.; He, J.; Liu, W. Research Progress and Development of Mechanized Potato Planters: A Review.

Agriculture 2021, 11, 521. [CrossRef]
3. Xinhuanet. Available online: http://m.xinhuanet.com/gs/2020-09/26/c_1126543438.htm (accessed on 18 May 2022).
4. Su, Q.; Kondo, N.; Li, M.; Sun, H.; Al Riza, D.F. Potato feature prediction based on machine vision and 3D model rebuilding.

Comput. Electron. Agric. 2017, 137, 41–51. [CrossRef]
5. ElMasry, G.; Cubero, S.; Moltó, E.; Blasco, J. In-line sorting of irregular potatoes by using automated computer-based machine

vision system. J. Food Eng. 2012, 112, 60–68. [CrossRef]
6. Azizi, A.; Abbaspour-Gilandeh, Y.; Nooshyar, M.; Afkari-Sayah, A. Identifying potato varieties using machine vision and artificial

neural networks. Int. J. Food Prop. 2016, 19, 618–635. [CrossRef]
7. Sanchez, P.D.C.; Hashim, N.; Shamsudin, R.; Nor, M.Z.M. Applications of imaging and spectroscopy techniques for non-

destructive quality evaluation of potatoes and sweet potatoes: A review. Trends Food Sci. Technol. 2020, 96, 208–221. [CrossRef]
8. Rady, A.M.; Guyer, D.E. Rapid and/or nondestructive quality evaluation methods for potatoes: A review. Comput. Electron. Agric.

2015, 117, 31–48. [CrossRef]
9. Donati, L.; Iotti, E.; Prati, A. A Real-Time Approach for Automatic Food Quality Assessment Based on Shape Analysis. Int. J.

Comput. Intell. 2021, 20, 2150019. [CrossRef]
10. El-Mesery, H.S.; Mao, H.; Abomohra, A.E.F. Applications of non-destructive technologies for agricultural and food products

quality inspection. Sensors 2019, 19, 846. [CrossRef]
11. Liu, L.; Li, Z.; Lan, Y.; Shi, Y.; Cui, Y. Design of a tomato classifier based on machine vision. PLoS ONE 2019, 14, e0219803.

[CrossRef]
12. Srivastava, S.; Sadistap, S. Data processing approaches and strategies for non-destructive fruits quality inspection and authentica-

tion: A review. J. Food Meas. Charact. 2018, 12, 2758–2794. [CrossRef]
13. Si, Y.; Sankaran, S.; Knowles, N.R.; Pavek, M.J. Image-based automated potato tuber shape evaluation. J. Food Meas. Charact. 2018,

12, 702–709. [CrossRef]
14. Mohamed, A.R.; El Masry, G.M.; Radwan, S.A.; ElGamal, R.A. Development of a Real-Time Machine Vision Protot-ype to Detect

External Defects in Some Agricultural Products. J. Soil Sci. Agric. Eng. 2021, 12, 317–325. [CrossRef]
15. Zhao, J.; Tian, H.T. The applications of potato external quality detection using machine vision. J. Graph. 2017, 38, 382–387.

[CrossRef]
16. Wang, H.J.; Xiong, J.T.; Li, Z.Z.; Deng, J.M.; Zou, X.J. Potato grading method of weight and shape based on imaging characteristics

parameters in machine vision system. Trans. Chin. Soc. Agric. Eng. 2016, 32, 272–277. [CrossRef]
17. Zheng, G.N.; Tan, Y.Z.; Zhang, J.X.; Li, W. Automatic Detecting and grading method of potatoes with computer vision. Trans.

Chin. Soc. Agric. Mach. 2009, 40, 156+166–168.
18. Deng, L.M.; Du, H.W.; Xu, Y.; Han, Z.Z. Implementation of intelligent potato grading method based on computer vision. J. Chin.

Agric. Mech. 2015, 36, 145–150. [CrossRef]
19. Zhou, P.; Xu, X.Y.; Yang, B.; Lv, D.; Ma, D.G. Potato shape detection based on image edge information. J. Anhui Agric. Univ. 2013,

40, 883–885. [CrossRef]

http://doi.org/10.19918/j.cnki.1672-3635.2021.01.012
http://doi.org/10.3390/agriculture11060521
http://m.xinhuanet.com/gs/2020-09/26/c_1126543438.htm
http://doi.org/10.1016/j.compag.2017.03.020
http://doi.org/10.1016/j.jfoodeng.2012.03.027
http://doi.org/10.1080/10942912.2015.1038834
http://doi.org/10.1016/j.tifs.2019.12.027
http://doi.org/10.1016/j.compag.2015.07.002
http://doi.org/10.1142/S146902682150019X
http://doi.org/10.3390/s19040846
http://doi.org/10.1371/journal.pone.0219803
http://doi.org/10.1007/s11694-018-9893-2
http://doi.org/10.1007/s11694-017-9683-2
http://doi.org/10.21608/JSSAE.2021.178987
http://doi.org/10.11996/JG.j.2095-302X.2017030382
http://doi.org/10.11975/j.issn.1002-6819.2016.08.038
http://doi.org/10.13733/j.jcam.issn.2095-5553.2015.05.037
http://doi.org/10.13610/j.cnki.1672-352x.2013.05.010


Sensors 2022, 22, 5740 20 of 20

20. Lopez-Juarez, I.; Rios-Cabrera, R.; Hsieh, S.J.; Howarth, M. A hybrid non-invasive method for internal/external quality assessment
of potatoes. Eur. Food Res. Technol. 2018, 244, 161–174. [CrossRef]

21. Tao, Y.; Morrow, C.T.; Heinemann, P.H.; Sommer, H.J., III. Fourier-based separation technique for shape grading of potatoes using
machine vision. Trans. ASAE 1995, 38, 949–957. [CrossRef]

22. Cui, J.L.; Tong, S.M.; Hao, M. Study on shape of potatoes based on dividing point’s proper of matrix’s fourier descriptor.
Chin. Agric. Mech. 2012, 2012, 59–62. [CrossRef]

23. Kong, Y.L.; Gao, X.Y.; Li, H.L.; Zhang, M.Y.; Yang, Z.F.; Mao, H.Y.; Yang, Q. Potato grading method of mass and shapes based on
machine vision. Trans. Chin. Soc. Agric. Eng. 2012, 28, 143–148. [CrossRef]

24. Azizi, A.; Abbaspour-Gilandeh, Y. Identifying irregular potatoes by developing an intelligent algorithm based on image processing.
J. Agric. Sci.-Sri Lanka 2016, 22, 32–41. [CrossRef]

25. Xu, W.D.; Zhao, Z.G. Potato Shape Sorting Based on PCA-SVM Algorithm. Control Eng. China 2020, 27, 246–253. [CrossRef]
26. Shen, D.; Zhang, S.; Ming, W.; He, W.; Zhang, G.; Xie, Z. Development of a new machine vision algorithm to estimate potato’s

shape and size based on support vector machine. J. Food Process Eng. 2022, 45, e13974. [CrossRef]
27. Alzubaidi, L.; Zhang, J.; Humaidi, A.J.; Al-Dujaili, A.; Duan, Y.; Al-Shamma, O.; Farhan, L. Review of deep learning: Concepts,

CNN architectures, challenges, applications, future directions. J. Big Data 2021, 8, 53. [CrossRef]
28. Kamilaris, A.; Prenafeta-Boldú, F.X. Deep learning in agriculture: A survey. Comput. Electron. Agric. 2018, 147, 70–90. [CrossRef]
29. Marino, S.; Beauseroy, P.; Smolarz, A. Weakly-supervised learning approach for potato defects segmentation. Eng. Appl. Artif.

Intel. 2019, 85, 337–346. [CrossRef]
30. Oppenheim, D.; Shani, G.; Erlich, O.; Tsror, L. Using deep learning for image-based potato tuber disease detection. Phytopathology.

2019, 109, 1083–1087. [CrossRef]
31. Zhang, Z.G.; Zhang, Z.D.; Li, J.N.; Wang, H.Y.; Li, Y.B.; LI, D.H. Potato detection in complex environment based on improved

YoloV4 model. Trans. Chin. Soc. Agric. Mach. 2021, 37, 170–178. [CrossRef]
32. Chen, Y.; Wu, Z.; Zhao, B.; Fan, C.; Shi, S. Weed and corn seedling detection in field based on multi feature fusion and support

vector machine. Sensors 2020, 21, 212. [CrossRef]
33. Wang, C.; Xiao, Z. Potato Surface Defect Detection Based on Deep Transfer Learning. Agriculture 2021, 11, 863. [CrossRef]
34. Yang, S.; Feng, Q.; Zhang, J.H.; Wang, G.P.; Zhang, P.; Yan, H.Q. Nondestructive Classification of Defects in Potatoes Based on

Lightweight Convolutional Neural Network. Food Sci. 2021, 42, 284–289. [CrossRef]
35. Potatoes. Available online: https://potatogoodness.com/potato-types/ (accessed on 18 May 2022).
36. GB/T 31784-2015; Code of Practice for Grading and Inspecting Commercial Potatoes. National Standardization Administration

Committee: Beijing, China, 2015.
37. Liu, L.; Zou, Y.Y.; Chen, B.X. Review on research progress of 2D shape description and classification. Comput. Eng. Appl. 2021,

57, 39–47. [CrossRef]
38. Zhu, Z.; Lu, X.B. Vehicle occlusion processing algorithm based on ellipse fitting. Chin. J. Sci. Instrum. 2015, 36, 209–214. [CrossRef]
39. Pan, D.; Li, Y.L.; Gao, D.; Zheng, J.H. Center extraction method of multiple and overlapping faculae based on ellipse fitting. Acta

Optica Sin. 2020, 40, 61–68. [CrossRef]
40. Liao, M.; Zhao, Y.Q.; Zeng, Y.Z.; Huang, Z.C.; Zhang, B.K.; Zou, B.J. Automatic segmentation for cell images based on support

vector machine and ellipse fitting. J. Zhejiang Univ. 2017, 51, 722–728. [CrossRef]
41. Panagiotakis, C.; Argyros, A. Region-based Fitting of Overlapping Ellipses and its application to cells segmentation. Image Vis.

Comput. 2020, 93, 103810. [CrossRef]
42. Cao, J.L.; Li, J.F. Improved ellipse fitting algorithm based on Letts criterion. J. Compu. Appl. 2017, 37, 273–277. [CrossRef]
43. Maalek, R.; Lichti, D.D. Robust detection of non-overlapping ellipses from points with applications to circular target extraction in

images and cylinder detection in point clouds. ISPRS J. Photogramm. 2021, 176, 83–108. [CrossRef]
44. Arellano, C.; Dahyot, R. Robust ellipse inspection with Gaussian mixture models. Pattern Recognit. 2017, 58, 12–27. [CrossRef]
45. Keipour, A.; Pereira, G.A.; Scherer, S. Real-time ellipse detection for robotics applications. IEEE Robot. Autom. Let. 2021,

6, 7009–7016. [CrossRef]
46. Maiseli, B.J. Hausdorff Distance with Outliers and Noise Resilience Capabilities. SN Comput. Sci. 2021, 2, 358. [CrossRef]
47. Li, L.; Zhang, S.; Wang, B. Plant disease detection and classification by deep learning—A review. IEEE Access 2021, 9, 56683–56698.

[CrossRef]
48. Kang, H.; Chen, C. Fast implementation of real-time fruit detection in apple orchards using deep learning. Comput. Electron. Agric.

2020, 168, 105108. [CrossRef]
49. Gao, H.; Tian, Y.L.; Xu, F.Y.; Zhong, S. Survey of Deep Learning Model Compression and Acceleration. J. Softw. 2021, 32, 68–92.

[CrossRef]
50. Zhou, L.; Zhang, C.; Liu, F.; Qiu, Z.; He, Y. Application of deep learning in food: A review. Compr. Rev. Food Sci. Food Saf. 2019,

18, 1793–1811. [CrossRef]
51. Gavrilov, A.D.; Jordache, A.; Vasdani, M.; Deng, J. Preventing model overfitting and underfitting in convolutional neural networks.

Int. J. Softw. Sci. Comp. 2018, 10, 19–28. [CrossRef]
52. Jiang, H.; Yu, Y.B.; Zhang, X.F.; Chen, Y.T. Potato external quality grading methods: A review. Sci. Technol. Eng. 2022,

22, 5519–5527.

http://doi.org/10.1007/s00217-017-2936-9
http://doi.org/10.13031/2013.27912
http://doi.org/10.3969/j.issn.1006-7205.2012.02.016
http://doi.org/10.3969/j.issn.1002-6819.2012.17.021
http://doi.org/10.1501/Tarimbil_0000001365
http://doi.org/10.14107/j.cnki.kzgc.170617
http://doi.org/10.1111/jfpe.13974
http://doi.org/10.1186/s40537-021-00444-8
http://doi.org/10.1016/j.compag.2018.02.016
http://doi.org/10.1016/j.engappai.2019.06.024
http://doi.org/10.1094/PHYTO-08-18-0288-R
http://doi.org/10.11975/j.issn.1002-6819.2021.22.019
http://doi.org/10.3390/s21010212
http://doi.org/10.3390/agriculture11090863
http://doi.org/10.7506/spkx1002-6630-20200412-155
https://potatogoodness.com/potato-types/
http://doi.org/10.3778/j.issn.1002-8331.2102-0261
http://doi.org/10.19650/j.cnki.cjsi.2015.01.029
http://doi.org/10.3788/AOS202040.1410001
http://doi.org/10.3785/j.issn.1008-973X.2017.04.012
http://doi.org/10.1016/j.imavis.2019.09.001
http://doi.org/10.11772/j.issn.1001-9081.2017.01.0273
http://doi.org/10.1016/j.isprsjprs.2021.04.010
http://doi.org/10.1016/j.patcog.2016.01.017
http://doi.org/10.1109/LRA.2021.3097057
http://doi.org/10.1007/s42979-021-00737-y
http://doi.org/10.1109/ACCESS.2021.3069646
http://doi.org/10.1016/j.compag.2019.105108
http://doi.org/10.13328/j.cnki.jos.006096
http://doi.org/10.1111/1541-4337.12492
http://doi.org/10.4018/IJSSCI.2018100102

	Introduction 
	Materials and Methods 
	Potato Samples 
	Vision Acquisition System 
	Algorithm Flow Chart 
	Image Preprocessing 
	Edge Detection and Ellipse Fitting 
	Feature Extraction 
	Perimeter Ratio 
	Area Ratio 
	Hausdorff Distance 
	Intersection over Union 


	Results 
	Characterization Ability of Features 
	Perimeter Ratio and Area Ratio 
	Hausdorff Distance 
	IoU 

	Establishing Identification Standards for Irregular Potatoes 
	Evaluation Metrics for Recognition Rate 
	Experimental Validation 

	Discussion 
	Shooting Perspective 
	Datasets and Thresholds 
	Advantages of the Algorithm 

	Conclusions 
	Appendix A
	References

