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Abstract: The particle size of pellets is an important parameter in steel big data, and the high density
and high overlap rate of pellets bring a great challenge to particle size detection. To address this
problem, a particle size intelligent detection algorithm with an improved watershed and a Gaussian
mixture model (GMM) is proposed. First, the initial segmentation of the pellets and background
is achieved by using adaptive binary segmentation, and then the secondary fine segmentation of
the pellets and background is achieved by combining morphological operations such as skeleton
extraction and marked watershed segmentation; then, the contour of the connected domain of pellets
is calculated, and the non-overlapping pellets in the foreground and the overlapping pellets are
filtered according to the roundness of their contours. Finally, the number of overlapping pellets
is predicted by Gaussian reconstruction of the grayscale image of the overlapping pellets, and the
number and granularity of the overlapping pellets are predicted by the Gaussian reconstruction
of the overlapping pellets. The experimental results showed that the algorithm achieved a 91.98%
segmentation accuracy in the experimental images. Compared with other algorithms, the algorithm
can also effectively suppress the over-segmentation and under-segmentation problems, and it can
effectively realize the pellet size detection of dense, overlapping pellets such as those on a pelletizing
disk, which provides an effective technical means for the metallurgical performance analysis of pellet
ore and intelligent pellet-making driven by big data.

Keywords: steel big data; particle size; intelligent pelletizing; watershed; GMM

1. Introduction

Pelletized ore is a kind of spherical artificial iron ore which has the advantages of low
pollution levels, high-grade quality, uniform particle sizes, superior cold strength, high void
ratios, and good reduction compared with other artificial ores, and it is one of the primary
raw materials for modern blast furnace iron-making. In recent years, the pellet ore feed
ratio has been rising year by year, and so it is important to vigorously develop high-quality
pellet ore production process technologies to accelerate the industrial upgrading of the steel
industry and realize an intelligent manufacturing system [1]. The particle size and particle
size distribution in the pellet-making process is an important indicator for measuring
the quality of raw balls, as the raw balls that are too small cannot meet the mechanical
strength requirements and are easy to break during transportation, and broken raw balls in
the roasting process will produce a lot of dust and shorten the service life of rotary kiln
equipment. In a blast furnace, a pellet with a uniform particle size has a large porosity,
small airflow resistance, and fast reduction rate, which provides favorable conditions for
high yield and low consumption in the blast furnace. Manual sampling and sieving is
a traditional method for conducting pellet size detection, but this method is susceptible
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to a number of samples and the randomness of sampling, and thus, it is not suitable for
detecting large quantities of pellets. The process of sampling relies heavily on manual labor
and the site environment is harsh, which can easily cause safety hazards. Manual sieving
and detection is time-consuming and the pellets cannot be sampled frequently enough to
achieve the effect of real-time detection; in addition, physical sieving may cause the pellets
to experience wear and rupture, thus affecting the accuracy of detection.

The development of machine visioning has laid a strong theoretical foundation for
the promotion and application of image detection technology. The use of image detection
technology to identify and detect the particle size of pellets can effectively overcome the
shortcomings of the sieving method that relies on manual labor, and image detection
can increase site safety and improve real-time detection. At present, some large- and
medium-sized pellet plants are attempting to use machine vision technology as the basis
of intelligent detection means through high-definition industrial cameras, which are used
to collect images of the pellet-making site. The pellet image acquisition process as shown
in Figure 1. The image segmentation algorithm is used to separate the pellets from the
background, and the size of each pellet in the image and the overall size distribution are
counted. However, since the pellets are not separated from each other in actual production,
a large number of pellets are distributed in the form of adhesion and overlap, which makes
the image segmentation of the pellets very difficult [2–9].

Figure 1. Schematic diagram of pellet image acquisition for pellet-making discs.

In order to solve the above problems, many scholars have carried out in-depth analyses
on the characteristics of the images of agglomerated and overlapping objects, and they have
proposed a series of feasible solutions. Heydari et al. proposed three methods to predict
the number of overlapping pellets: Hough transform circle detection, marked watershed,
and support vector machine, and they created a majority voting decision mechanism for
predicting the results obtained by the three methods. This method is only applicable in
the case of sparsely distributed pellets, and the algorithm ignores the adhesion of more
than three pellets. Wu et al. used a disk scanning method to select the effective edge points
of the overlapping contours, and then they calculated the particle size of the overlapping
pellets. This method can use effective edge information, to some extent, to overcome
the shortcomings of the inaccurate edge segmentation of the marked watershed method.
However, the accuracy of the morphological reconstruction of the algorithm depends on
the selection of the size of the super-parameter structural elements. The disk scanning
method is not suitable for estimating the particle sizes of pellets with less roundness, and it
needs further improvement for irregular pellets and densely distributed pellets. Zafari et al.
proposed an overlapping object segmentation algorithm based on contour concave point
extraction, which realized the segmentation of overlapping objects. However, this method
depends on the accuracy of the contour extraction. When the background area is not clear
from the target area or the edge of the target area is not clear, this algorithm cannot extract
the contour of the target area well [10–12].
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In order to solve the problem of overlapping pellet segmentation and particle size
estimation, a machine vision image particle size detection algorithm is proposed, which
indirectly estimates pellet size information through pellet image detection. The main
contributions of this study are as follows:

1. The adaptive binary segmentation method is used to segment the foreground area
and the background area, which overcomes the traditional global threshold binary
segmentation that is susceptible to light brightness and light unevenness factors, and
it ensures the anti-interference under different lighting environments.

2. Further subdivision of the foreground and background areas using morphological
operations and marker watershed segmentation can effectively compensate for the
disadvantages created by the imprecise foreground and background edges obtained
using binary segmentation, and it can improve the accuracy of segmentation.

3. A model of binary image segmentation based on a Gaussian mixture model is estab-
lished where the binary image of the overlapping pellets is used as a template and its
corresponding grayscale image is extracted, a Gaussian reconstruction is performed
on the extracted grayscale image, and the number of clusters and the initial value of
the center are calculated by the reconstructed grayscale map. Then, the coordinates
of each pixel of the binary image are used as samples, and the initial value and the
samples are brought into the hybrid Gaussian model, which can realize the pixel-level
segmentation of the binary image of the pellets.

4. A method is proposed for the size estimation of the edges of incomplete pellets, and
the least squares method is used to fit the circle to estimate the number of pellets in
the edge area, which can effectively overcome the disadvantage of the small sizes of
the pellets estimated by the circumscribed circles.

The remainder of this paper is organized as follows: Section 2 presents the principle
of the algorithm, Section 3 analyzes the experimental results, and Section 4 summarizes
the conclusions.

2. Algorithm Principle

The flowchart of the proposed algorithm for pellet size detection is shown in Figure 2.
Firstly, the input pellet image is pre-processed by median filtering to filter out the noise
interference in the image; then, the foreground target is initially extracted by adaptive
binary segmentation and the foreground and background areas are further segmented by
watershed segmentation. The contours of the connected domain in the foreground are
judged according to the roundness formula, and the non-overlapping pellets are separated
from the overlapping pellets for processing. The pellet fitting method is selected according
to the edge evaluation mechanism, and, finally, the selected circle fitting method is used to
estimate the particle size of the pellet and obtain the particle size information of the pellet.

2.1. Foreground Segmentation

A sample with a large number of overlapping pellets is characterized by indistinguish-
able background and foreground areas where the grayscale value of the image of the surface
pellet area is high and the grayscale value of the obscured pellet area and the background
area is relatively low, and so the pellets with high grayscale values and better visualization
can be treated as foreground while both the pellets with low grayscale values and back-
grounds are treated as background. According to the binary segmentation algorithm, the
foreground area and the background area are segmented, and the obtained foreground area
includes separate pellets and overlapping pellets, which lays the foundation for further
segmentation processing.
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Figure 2. Flow chart of the pellet size detection algorithm.

2.1.1. Median Filtering

The pellets form unevenly during the process of pellet-forming, and their surfaces
are unevenly distributed, and so the brightness of the pellets is not uniformly distributed
in the imaging process. Thus, performing binary segmentation directly on the image will
generate a lot of local extreme value noise, which brings great difficulties to the process of
identifying of the pellets. Compared with other filtering algorithms, median filtering can
effectively overcome the edge blurring phenomenon while suppressing the salt-and-pepper
noise. Median filtering can be expressed as follows:

G(x, y) = med{ f (x− k, y− l), (k, l ∈W)} (1)

where W represents the window size of the median filter, f (x, y) represents the original
image, and G(x, y) represents the image after median filtering.

In the median filtered image process, the pixel value at each point is the median
of all the pixel values in the window centered at that point, and the median filtered
image is obtained by sliding the window through each pixel. The filtering ends when,
after several rounds of filtering, the filtered image no longer changes. Compared with
Gaussian filtering, the median filtered image process removes noise and retains clear edge
information, preventing the loss of some detail information and small foreground areas.

2.1.2. Binary Segmentation

Before beginning the pellet image segmentation, firstly, the foreground (pellet area)
should be separated from the background, and the binary segmentation is selected to
separate the foreground from the background. Considering that the uneven light in the
pellet production plant and the mutual occlusion between pellets can lead to an uneven
grayscale distribution in the image, the binary segmentation algorithm must be highly
resistant to brightness variations. The adaptive thresholding algorithm [13] is a local
thresholding algorithm that is robust to images with uneven brightness.



Metals 2023, 13, 327 5 of 16

The threshold value of adaptive binary segmentation is not a fixed value—it depends
on the neighborhood sxy centered on the pixel point (x, y) in the image, where mxy and σxy
are the mean and standard deviation of the neighborhood, Txy is the threshold value, f (x, y)
is the original image entered, and g(x, y) is the calculated binary image, and the formula is
calculated for all pixel positions in the image and a different threshold is calculated at each
position using the pixels in the neighborhood sxy.

Adaptive thresholding segmentation is defined as follows:

g(x, y) =
{

255, f (x, y) > Txy
0, f (x, y) ≤ Txy

(2)

Txy = σxy − C (3)

where C is a constant that is used to adjust the threshold Txy.
Figure 3a is a pellet image with uneven grayscale, and the red dashed box area has a

lower grayscale value. Figure 3b is the result obtained using the Nobuyuki Otsu method
(Ostu) where, when the image brightness is not uniform, the red boxed area is treated with
less grayness than the background, which causes mis-segmentation. Figure 3c shows the
results obtained using the adaptive threshold segmentation method, which can effectively
overcome the problem of foreground loss caused by uneven gray scale and realize the
segmentation of the foreground and background.

Figure 3. Binary segmentation. (a) Inhomogeneous grayscale images. (b) Adaptive threshold
segmentation results. (c) Ostu segmentation results.

2.2. Foreground Refinement

The adaptive binary segmentation will initially divide the foreground and background,
but because the edge areas of the foreground and background are blurred, the blurred edges
will lead to errors in the binary segmentation. As the large or small segmentation of the
foreground area directly affects the subsequent estimation of the pellet size, the secondary
segmentation of foreground and background can further refine the edge information.

The watershed segmentation method can effectively segment the edges of the adher-
ing objects, viewing the foreground and background as two objects, and the watershed
segmentation method can further segment the edge area. First, the binary image, A, is
obtained by adaptive segmentation and subjected to the morphological open operation,
and B is the structure element selected by the open operation. The morphological open
operation can be expressed as:

A ◦ B = (A	 B)⊕ B (4)

The morphological opening operation can be used to remove noise and fine target
interference in the foreground and obtain a defined foreground area; then, the background
area of the adaptive segmentation binary image is extracted and the background area is
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skeletonized to obtain the determined background area. Finally, the definite and indef-
inite areas are well marked and processed by the watershed segmentation algorithm to
further obtain the edge demarcation line between the foreground and background areas.
Morphological skeleton extraction [14] can be expressed as:

S(A) =
K
∪

k=0
Sk(A) (5)

Sk = (A	 kB)− (A	 kB) ◦ B (6)

where A is the binary image of the background area, B is a structural element, and (A	 kB)
denotes the k consecutive corrosions of A.

Figure 4a shows the determined foreground area obtained after the morphological
opening operation, Figure 4b shows the determined background area obtained after the
skeleton extraction of the background area, and Figure 4c shows the result obtained by
determining the difference between the foreground area obtained after the watershed
segmentation and Figure 4a, wherein the white area is the foreground area missed during
the binary segmentation. The final foreground area obtained is shown in Figure 4d. Re-
segmentation refines the boundary between the background and foreground areas and
improves the accuracy of the foreground segmentation.

Figure 4. Watershed segmentation of the foreground area. (a) Defined foreground area. (b) The
skeleton of the background area. (c) Missing foreground areas. (d) Final segmentation result.

2.3. Overlapping Pellet Segmentation

Although the pellets in the foreground area are segmented, most of them are over-
lapping pellets, with a few non-overlapping pellets, due to the dense distribution of the
pellets. Distinguishing the foreground area between the non-overlapping pellets and the
overlapping pellets and segmenting the overlapping pellets are the keys issues in pellet
size recognition.
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2.3.1. Overlapping Pellets Discrimination

In the binary image, the foreground areas obtained are the different connected domains.
The connected domains of the non-overlapping pellets and the overlapping pellets have
different characteristics, and the contours of the connected domains of the non-overlapping
pellets are more rounded. In contrast, the roundness of the non-overlapping pellets is
often smaller because multiple pellets have adhered together. It is possible to discriminate
between the overlapping pellets and non-overlapping pellets based on this characteristic of
roundness. The roundness of the foreground area can be judged by its contours, and the
process of calculating the roundness [15] can be expressed as follows:

Distance =
1
F ∑ (‖p− p_i‖) (7)

Sigma2 =
1
F ∑ (‖p− p_i‖ − Distance)2, and (8)

Roundnes = 1− Sigma
Distance

(9)

where p is the center of the area, p_i represents the coordinates of all pixel points on the
contour,F is the area enclosed by the contour, Distance is the average distance from the
pixel points on the contour to the center, Sigma2 is the variance in the distance from the
contour pixel points to the center and the average distance, and Roundness represents the
relationship between the mean and the standard deviation, where the value is between 0
and 1 and the larger indicates that the contour is closer to the standard circle.

When different roundness thresholds are selected, the proportions of screened non-
overlapping pellets and overlapping pellets are different, and the larger the selected thresh-
old, the fewer non-overlapping pellets are obtained, while the smaller the selected threshold,
the more non-overlapping pellets are obtained. Figure 5 shows the screening results corre-
sponding to the roundness thresholds of 0.4, 0.5, 0.6, and 0.7, respectively, where the green
contours represent pellets with roundnesses that are greater than the threshold and the red
contours represent pellets with thresholds that are less than the contour of the pellet.

Figure 5. Screening results of different roundness thresholds.
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2.3.2. Re-Segmentation of Overlapping Pellets

After roundness screening, the pellets with larger roundnesses are treated as non-
overlapping pellets which can be directly fitted with a circle to estimate the particle size.
The connected domain in the remaining foreground area represents the overlapping pellets,
which are composed of multiple pellets overlapped, together with local occlusion between
the pellets, and so the granularity information of each pellet cannot be judged directly
and further segmentation is required. The pixel coordinates of the binary images of the
overlapping pellets are selected as the sample variables, and a Gaussian mixture model
can be used to achieve a cluster segmentation of the overlapping pellets, and then the
overlapping pellets can be separated.

When the Gaussian mixture model performs the clustering operation, it is necessary to
pre-specify the clustering value K, i.e., how many clusters are contained in the correspond-
ing overlapping pellets. It is more difficult to estimate the number of pellets directly from
the binary image because the overall information of the overlapping pellets in the binary
image does not reflect the local feature information of the pellets; therefore, it is better
to combine the binary image of the pellets with the grayscale image and use the binary
image as a template to select the area in the corresponding grayscale image to estimate the
number of pellets. The calculation process can be expressed as follows:

m(x, y) = g(x, y) ∗ b(x, y) (10)

where g(x, y) represents the grayscale image, b(x, y) represents the binary image, and
m(x, y) represents b(x, y), which is the grayscale image with the template.

The grayscale image of the pellets is characterized by a high grayscale value in the
central area and a gradual decrease in grayscale from the center outward, but the grayscale
of the pellets is not completely Gaussian-distributed due to the surface inhomogeneity
of the pellets and the influence of noise. The binary image to be segmented is taken as a
template and its corresponding grayscale image area is selected, and Gaussian filtering is
applied to the area. By reconstructing the grayscale image, local noise can be filtered out
and the image becomes smooth, and the overall grayscale value tends toward Gaussian
distribution. A suitable threshold is selected to perform binary segmentation on the
reconstructed grayscale map, and the number of connected domains of the binary image
is obtained as an estimate of the number of pellets. In the paper, the average grayscale
value of the overlapping pellet area after filtering is selected as the threshold value, and
the K connected domains generated after binarization are the number of pellets in the
overlapping area.

The circular area in Figure 6a is selected as the study object. Figure 6b is the grayscale
3D distribution of the circular area, which contains more local extremes, and the binarization
yields the 3D distribution of Figure 6d, which generates multiple connected domains,
resulting in the inaccurate estimation of the number of spherical clusters. Figure 6c is the
grayscale 3D distribution of the circular area after Gaussian filtering, and the binarization
yields the 3D distribution of Figure 6e, which contains only one connected domain, and it
can estimate the number of spherical clusters more accurately.

In order to prevent the local extremes that continue to exist in the filtered grayscale
map, it is also necessary to filter the connected domains, the smaller areas in the connected
domains, and the final number of connected domains K, and then the corresponding
K clustering centers can be obtained. The estimation of K initial clustering centers can
effectively accelerate the convergence of the Gaussian mixture model and improve the
accuracy of the clustering partitioning.
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Figure 6. Gaussian reconstruction process. (a) The original grayscale map. (b) Grayscale Gaus-
sian distribution of the original map. (c) Reconstructed map of grayscale Gaussian distribution.
(d) Original image binarization distribution. (e) Reconstructed image of binarization distribution.

Figure 7 shows the segmentation results of the overlapping pellets. The three selected
connected domains with smaller roundnesses, corresponding to the areas in the red dashed
box, are used to estimate the K values and initial clustering centers according to the above
method, and then the Gaussian mixture model (GMM) clustering algorithm is used to
realize the segmentation of the overlapping pellets. The areas with different gray values in
the segmentation results in the figure represent each pellet after the clustering segmentation.

Figure 7. Overlapping pellet segmentation.
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2.4. Pellet Size Estimation

The particle sizes of the non-overlapping pellets can be estimated by solving the least
square circle [16] or the peripheral circle [17] of the contour. However, the overlapping
pellets obtained after being divided are often incomplete pellets of poor roundness. If the
least square circle is used to fit the contour of the divided pellets, the particle size obtained
will be smaller. Therefore, the external circle method should be used to fit the contour of
the re-segmented pellets.

For the contours with better roundnesses, the contour is the edge point of the pellet,
and the particle size obtained by fitting the contour of the pellet with the least squares
method is more accurate. If we let the coordinates of a single spherical contour be repre-
sented by (xi, yi), i = 1, 2, . . . , n, solving for the least squares circle of this contour, then the
equation of the circular curve as follows:

x2 + y2 + ax + by + c = 0 (11)

where x and y are the coordinates on the circle obtained from the contour point fit; a, b and
c are the parameters of the equation of the curve of the circle; the equation of this curve
is centered on (− a

2 ,− b
2 ); and the circle’s radius is

√
a2+b2−c

2 . The curve parameters can
be found according to the least squares method for a, b and c. The matrix can be written
as follows:

A =


∑
i

xi ∑
i

yi n

∑
i

xiyi ∑
i

y2
i ∑

i
yi

∑
i

x2
i ∑

i
xiyi ∑

i
xi

, B =


−∑

i
(x2

i + y2
i )

−∑
i
(x2

i yi + y3
i )

−∑
i
(x3

i + xiy2
i )

 (12)

where xi and yi represent the i-th pixel coordinate points on the contour of the sphere and
n is the total number of contour pixels. Then, the parameters of the circular curve equation
can be found as follows:  a

b
c

 = A−1B (13)

By bringing a, b and c to the center, the radius expression is obtained as the particle
size information of the pellet contour.

For poorly rounded contours, the contour points are not complete pellet edge points.
Since the overlapping pellets obscure each other, the edges of the pellets obtained by
re-segmentation contain the information of the obscured edges, and the granularity in-
formation obtained is inaccurate if the least squares method is used to fit the contours
directly. When the maximum distance between the pellet contour points is equal to the
pellet diameter, the derived circumscribed circle is the same as the real pellet, and when
the obscured area is large and the maximum distance between the pellet contours is chosen
as the pellet diameter, the derived circumscribed circle is the closest to the real pellet.
Therefore, the outer circle of the contour is used to estimate the particle size of the pellet,
which can, to the greatest extent possible, approximate the real particle size of the pellet.

If we let the coordinates of a single pellet contour be represented by (xi, yi),i = 1, 2, . . . , n,
then the distance between any two contour points is:

di =
√
(xi − xj)

2 + (yi − yj)
2, i, j = 1, 2, . . . , n (14)

We can then calculate the maximum distance between any two contour points as follows:

dmax = max(di) (15)
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Using the center of the two points at the maximum distance as the center of the circle
and the maximum distance as the diameter, we can find the circumscribed circle of the
“two-point formula” as follows:

A =
xi + xj

2
, B =

yi + yj

2
, R =

dmax

2
(16)

where (A, B) and R represent the center and radius of the circumscribed circle, respectively.

2.5. Evaluation Mechanism of Edge Pellets

Some incompleteness in the edge area is caused by the interception of the image
boundary, which is different from the incompleteness of the globules caused by occlusion,
and so it is inaccurate to judge such globules by using only roundness. A new and
different evaluation mechanism is used for the spherical clusters that are at the edges. The
red dashed line in Figure 8a shows the contour of the sphere at the edge, and the new
evaluation mechanism stipulates that the accuracy of the fit is higher when the effective
area of the fitted circle intersects with the contour area of the sphere in a larger ratio. This
can be expressed as follows:

IOU =
(A ∩ C) ∩ B
(A ∩ C) ∪ B

(17)

where A denotes the area of the fitted circle, B denotes the area of the pellet contour, and C
denotes the area of the image.

Figure 8. Edge pellet circle fitting. (a) Schematic diagram of the intersection and merging ratio of the
edge pellets. (b) Least squares fitting results (with edge contours). (c) Circumscribed circle fitting
results. (d) Least squares fitting results (without edge contours).

Figure 8b shows the circle obtained using least squares fitting, where the contour
points contain the boundary contour. This fitting method causes the results to be small, and
so the boundary contour is removed. Figure 8c shows the circle obtained by removing the
sphere boundary and then fitting it with the least squares method, and Figure 8d shows the
result obtained by fitting it with a circumscribed circle. The circles obtained in Figure 8c,d
are taken as the larger results of the IOU, according to the new evaluation mechanism.

3. Experimental Results and Analysis

A high-speed industrial camera was used to acquire pellet images every 3 s, with
images sizes of 1920 × 1200, to sample the pellets in the disc pelletizer. The pellets in the
images are closely distributed, with a large number of overlapping pellets blocking each
other. Figure 9a intercepts four sets of 320 × 320-sized images from the original image.
Figure 9b is the segmentation result of the manual marked method. Figure 9b–f shows the
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pellet segmentation results corresponding to the proposed segmentation algorithm, the
K-means algorithm [18], the meanshift algorithm [19], and the watershed algorithm [20].

Figure 9. Comparison of different segmentation algorithms. (a) Original image. (b) Manual marked
method results. (c) Proposed algorithm segmentation results. (d) K-means algorithm segmentation
results. (e) Meanshift algorithm segmentation results. (f) Watershed algorithm.

The segmentation results of the different algorithms are compared with the results of
the manual marked method. In the marked watershed segmentation algorithm, the effect
of overlapping pellet segmentation is poor, it is easy to lose the pellets with low gray levels,
and the segmentation is sensitive to image noise. Because the choice of the marked area
in watershed segmentation depends on the choice of the threshold value, when threshold
selection is large, the number of marked areas is small, which leads to incomplete separation
of overlapping pellets. When the threshold is small, the number of marked areas is large,
which easily causes over-segmentation problems. When using the Meanshift segmentation
algorithm, partially overlapping pellets are not separated, leading to large pellet size
predictions. At the same time, some overlaps are over-segmented, resulting in small pellet
size predictions. Because there is no need to specify the number of clusters in the pellets
when using the Meanshift segmentation algorithm, it automatically estimates the number of



Metals 2023, 13, 327 13 of 16

clusters according to the shape of the connected domain of the particles, but the clustering
result depends on the bandwidth setting. If the bandwidth is set too small, the number
of clusters will be too large. If the bandwidth is too large, the number of clusters will be
too large. When using the K-means segmentation algorithm, the number of overlapping
pellet segmentations is relatively accurate, but the pellet size predictions are not accurate
enough, which is due to the fact that the K-means clustering algorithm is applicable to data
with circular distributions while the overlapping pellet data are unevenly distributed and
have an approximate elliptical distribution, and so the inaccuracy of clustering leads to
low accuracy in the pellet segmentation. In proposed algorithm, the K value and the initial
center of the overlapping pellets are predicted by Gaussian reconstruction, which effectively
avoids the problems of inaccurate segmentation and difficult convergence that are caused
by the random initialization of the clustering center during the clustering process. In
addition, when predicting pellet size, the proposed algorithm firstly determines whether
it is an edge pellet or not, and it adopts different prediction methods for the sizes of the
edge pellets and the non-edge pellets. Compared with the other algorithms, the proposed
algorithm overcomes the problems of over-segmentation and under-segmentation, to a
certain extent, and it has obvious advantages in the fitting of the edge pellets.

In order to quantitatively analyze the prediction effects of the different algorithms, five
images were randomly selected from 20 320 × 320 images, and the prediction results were
obtained using different algorithms. Figure 10 was obtained by converting the pixel size
to the real size based on the ratio of the image to the real object. In Figure 10a, the pellet
size distributions predicted by the different algorithms are compared, and the different
pellet size intervals are shown as horizontal coordinates and the percentages of pellet
numbers are shown as vertical coordinates. The proposed algorithm has a relatively large
deviation in the interval with a pellet size of less than 6 mm, which is caused by a small
amount of over-segmentation and image noise. In the interval of pellet sizes larger than
6 mm, it is very close to the manual marked ones. Among the four algorithms, the pellet
size distribution predicted by the proposed algorithm is the closest to that of the manual
marked method, which can better predict pellet size distribution. Figure 10b calculates
the average pellet sizes predicted by the different algorithms. In the figure, the different
algorithms are shown as horizontal coordinates and the average pellet sizes are shown
as vertical coordinates. The average pellet size obtained by the proposed algorithm was
9.74 mm, and the average size obtained using the manual marked method was 10.12 mm,
with an error rate of 3.7%, indicating a high prediction accuracy. In Figure 10c, the pellet
sizes predicted by the different algorithms are arranged from small to large. The line charts
of the pellet sizes predicted by the different algorithms are obtained by taking the serial
numbers of the pellets as the horizontal coordinates and the pellet sizes as the vertical
coordinates. The line charts of the pellet sizes predicted by the different algorithms are
obtained. By comparing the four line charts, it can be seen that the proposed algorithm is
the closest to the line chart for the manual marked method, and the predicted pellet sizes
have high overall similarity with the manual marked method.

In order to measure the pellet prediction hit rate, an evaluation index of segmentation
accuracy was introduced. By comparing the prediction results of the algorithm with manual
marked method’s results, the segmentation accuracy index AC was defined as:

AC =
Nright

Nright + Nmiss + Nover + Nunder
× 100% (18)

where Nright denotes the same number of pellets in the predicted result as the manually
marked results, Nmiss denotes the number of pellets not predicted in the manually marked
results, Nover denotes the predicted number of overlapping pellets that exceeded the manual
marked ones, and Nunder denotes the predicted number of overlapping pellets that was less
than the manual marked ones.
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Figure 10. Comparison of the prediction results of the different algorithms and the results of the
manual marked method. (a) Histogram of pellet size distribution. (b) Histogram of average pellet
size. (c) Line chart of pellet size.

In this paper, 20 320 × 320 images of a total of 960 pellets were selected to gather
statistics on the segmentation indexes of the different algorithms, and the watershed
segmentation algorithm, the meanshift segmentation algorithm, the K-means segmentation
algorithm, and the proposed algorithm were chosen for comparison. The statistical results
obtained are shown in Table 1.
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Table 1. Comparison of the different segmentation algorithms.

Algorithm AC/% NTotall NRight NOver NUder NMiss

Watershed segmentation algorithm 70.94% 960 681 32 66 181
Meanshift segmentation algorithm 55.94% 960 537 102 198 123
K-means segmentation algorithm 85.21% 960 818 56 15 71
Proposed segmentation algorithm 91.98% 960 883 22 0 56

It can be seen in Table 1 that the marked watershed segmentation algorithm had a
high number of missed detections, and some pellets had over-segmentation and under-
segmentation problems. The number of missed detections, over-segmentations, and under-
segmentations were all large for the meanshift segmentation algorithm. The number of
correct segmentations by the K-means segmentation algorithm was large, but there were
some problems with missing detections and over-segmentation. The proposed algorithm
had the best performance of all the indexes, and the accuracy of pellet segmentation AC
was up to 91.98%, which has obvious advantages compared with the other four algorithms.

4. Conclusions

In order to detect pellet size information in the pelletizing process, a pellet size predic-
tion model based on improved watershed and GMM image segmentation was proposed. It
could effectively realize pellet size prediction with a large number of overlapping pellets,
which is seen when using a disc pelletizer. The marked watershed segmentation algorithm,
meanshift segmentation algorithm, and K-means segmentation algorithm were selected
for comparison. The experimental results showed that for pellet size prediction, the pellet
size distribution and the overall similarity of pellet size obtained by the proposed method
were the closest to those obtained by the manual marked method, and the predicted aver-
age pellet size error was only 3.7%. For overlapping pellet segmentation, the number of
missed detections, over-segmentations, and under-segmentations obtained by the proposed
method was the smallest, and the evaluation index of segmentation accuracy was up to
91.98%, which was the highest level of accuracy among the four algorithms. Therefore,
the proposed algorithm can effectively detect the particle size information of dense and
overlapping pellets, which provides an effective technical means for an intelligent pellet
production process.
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