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Abstract: Many methods based on machine vision were used to estimate coarse particles size distribution 
in recent years, but comparison of accuracy parameters representing particle size has not been carried out 
and a related representing analysis has not been yet proposed. Nine parameters were investigated. The 
results indicated the minor axis of equivalent ellipse and breadth of the best-fit rectangle were the most 
suitable for representing particle size. The former accuracy ratio was 86.43% and the latter accuracy ratio 
was 85.39%, while the accuracy of other parameters was less than 70%. A related representing analysis 
was proposed to explain this phenomenon. This research is instructive and meaningful for the size distri-
bution estimation by machine vision. 
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Introduction 

Particle size and size distribution are important variables in many industrial sectors 
(Tasdemir et al., 2011; Zhang et al., 2012), especially in mining and mineral proc-
esses. Most mineral processing operations rely on the size distributions measurement 
as a key factor in improving process efficiencies (Xia et al., 2012a; Xia et al., 2012b). 
Sieving has been used to measure particle size distribution traditionally, but it is very 
time-consuming and cannot be quick enough to provide real-time feedback informa-
tion to direct production. So machine vision has been used for particle size measure-
ment in the last twenty years. 

Many problems such as the way of image acquisition, the algorithm of image seg-
mentation, parameters of particle size and error correction of the system had all been 
extensively investigated in recent years. However, a comparison of all parameters in 
accuracy aspect has not been carried out and related representing analysis has not yet 
proposed. Authors argue that the size parameters extracted from images to represent 
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sieving particle size should satisfy two demands, i.e., be rotationally-invariant and 
have a selecting basis. 

In image analysis, different ways of measuring particle size, such as equivalent cir-
cle diameter (Maerz et al., 1987; Mcdermott et al., 1989; Grannes et al., 1986; Donald 
and Kettunen, 1996; Maerz et al., 1996; Rholl et al., 1993), maximum size (Montoro 
et al., 1993; Ord et al., 1989; Kemeny et al., 1994), size of equivalent ellipse (Girdner 
et al., 1996; Schleifer et al., 1993), Ferret diameter (Kwan et al., 1999; Mora et al., 
1998; Mora et al., 2000; Al-Thyabat et al., 2006; Al-Thyabat et al., 2007) and best-fit 
rectangle (Wang, 2006; Tobias et al., 2012) have been used. All the above parameters 
are rotationally-invariant, but are optionally selected to estimate size distribution with 
no representing analysis and selecting basis. 

In this paper, 467 coal particles in four size fractions were selected through a strict 
screening to compare the accuracy of the above mentioned parameters, and a represent-
ing analysis combined with a screening principle was proposed to explain the results.  

Experiments 

Sample preparation 

The experiment sample was anthracitic coal from the Tai-Xi coal preparation plant in 
China. Basically, the sieving operation attempts to divide the coal sample into frac-
tions, each consisting of particles within specific size limits. In China’s coal cleaning 
standards, the mesh apertures are 100, 50, 25, 13, 6, 3, 0.5 mm. When necessary, the 
mesh apertures can increase or decrease, so a series of sieves with square apertures 3, 
6, 13, 25, 50 mm were used in our experiment. As to the coal particles smaller than  
3 mm, the outline accuracy by digital image processing is low, and the particles 
greater than 50 mm are not suitable for experiment and test. For the reasons given 
above, the particles smaller than 3 mm and greater than 50 mm were discarded. 120 
particles (3–6 mm), 146 particles (6–13 mm), 109 particles (13–25 mm) and 92 parti-
cles (25–50 mm) were selected to accomplish this research.  

Image acquisition and parameters calculation 

A high quality picture of the coal particles is needed before any digital image process-
ing is performed. Some researchers noted the shadows cast by the objects, and the 
interior texture could be confusing to edge detection algorithms (Wang, 2006; Guyot 
et al., 2004; Casali et al., 2001). A backlit system, shown in Fig. 1A, was built to 
eliminate these problems. This system was designed as a closed box for avoiding the 
outside light effect. Digital camera (Nikon S220) was put in the camera hole of this 
system, and we fixed the height from the hole to the platform as 41.5 cm, just right 
above of the sample platform. Four fluorescent lamps (TCL 8W) were set equidis-
tantly under the sample platform. Figure 1B is an image of one coal particle taken in 
the normal daylight, and Fig. 1C is an image of the same coal particle taken in the 
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backlit system. It is obvious that the image taken in the backlit system can eliminate 
the shadow and the interior texture, which provide a good basis for extracting features 
accurately.  

 

Fig. 1. A – backlit system, B – image of one coal particle taken in normal daylight,  
C – image of the same coal particle taken in backlit system; 1 – closed box,  

2 – camera hole, 3 – sample platform, 4 – lights 

The pixel size of the captured image is 1024×768. The image from Fig. 2 (A) was 
used to measure the shooting coverage and the conversion ratio between pixel size and 
actual size. The shooting coverage is 366 mm×274.5 mm, and one pixel is approxi-
mately equal to 0.357 mm. When the coal particles are placed on the sample platform, 
they are carefully spread out, making certain that they are in the stable position and 
without touching or overlapping each other to insure the accurate edge extraction. 
Figure 2 (B) is a gray histogram of the image after removing the ruler seen in Fig. 2 
(A). The optimal threshold was determined manually as 50 for the twin-peaks method. 
Sometimes there will be several dirty spots or dust on the platform. In this case the 
area threshold will be used to remove these isolated micro-regions and filling proc-
esses will be used to fill the interior of particles completely. Through the above image 
processes, all our images can be segmented accurately, like in Fig. 2(C). In this part, 
some researchers used some methods to segment images, like filtering, dilating, erod-
ing, top-hat, bottom-hat and watershed and so on (Al-Thyabat et al., 2007; Banta et al., 
2003). Many morphological processes will cause an inaccurate outline of particles 
because the regions handled by structure elements chosen in these operations may be 
changed, especially during dilating and eroding processes. So, we used in our experi-
ments no touching particles and the simple but credible segmentation method to insure 
the experiment precision. 

Nine parameters were investigated. A sketch map of parameters which are easy to 
express were shown in Fig. 2(D): 
DA  – equivalent circle diameter: the circle area is equal to the target area, 
Dmax  – maximum size: the maximum distance between two pixels on the perimeter, 
Dmajor – major axis of equivalent ellipse: the length of the major axis of the ellipse 

that has the same normalized second central moments as the target region, 
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Dminor – minor axis of equivalent ellipse: the length of the minor axis of the ellipse 
that has the same normalized second central moments as the target region, 

Dmean1 – the average of dmajor and dminor, 
DF  – Ferret’s diameter: the mean value of distances cross the centroid between two 

parallel tangents which are on opposite sides of the target region in 0°, 45°, 
90° and 135°, 

DB  – the breadth of best-fit rectangle of target region. The method of best-fit rec-
tangle is a combination of the Ferret method and the least 2nd moments 
minimization, requiring only calculation of the three moments about the cen-
ter of gravity, and maximum and minimum co-ordinates in a co-ordinate sys-
tem oriented in the direction of the axis of the least 2nd moments, and a sim-
ple area ratio (Weixing, 2006), 

DL  – the length of best-fit rectangle of target region, 
Dmean2 – the average of dB and dL. 

     

   

Fig. 2. Image acquisition and processing: (A) coal particles image taken in the backlit system, (B) gray 
histogram of image after removing ruler in the image (A), (C) binary of image (B) processed by twin-
peaks method and removing isolated points, (D) sketch map of DA, DF, DB, DL, Dmax, Dmajor and Dminor 

In order to test and verify the accuracy of this image technique, the length and 
breadth of best-fit rectangle were used to carry out the comparison. A vernier caliper, 
minimum range of which is 0.02 mm, was used to measure the actual length and 
breadth of best-fit rectangle according to the rectangular position after image proc-
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esses, like Fig. 3A. Figures 3B and 3C show the actual measurement of breadth and 
length of one coal particle. Twelve coal particles, three in each size fraction, were 
chosen randomly to test and verify the accuracy using the above method, and the re-
sults were shown in Table 1. The average and variance of absolute value of errors 
were 0.23 mm and 0.03 mm2, respectively, indicating that the difference between ac-
tual size and estimated size is small. Furthermore, the T-test was used to verify 
whether the average error is zero. The significance level  is determined as 0.05. The 
T-value and p-value are 0.4934 and 0.6264, respectively, indicating that the average 
error can be considered as zero in the above significance level, that is, the errors’ fluc-
tuation is normal. All the results show that the accuracy of this image analysis is high 
and satisfied. 

 

Fig. 3. A. The best-fit rectangle of one coal particle, B. Measuring the actual breadth  
of this particle best-fit rectangle, C. Measuring actual length of this particle best-fit rectangle,  

according to the rectangular position of image A 

Table 1. Accuracy test of breadth and length of best-fit rectangle by image technique  
according to actual measurement by vernier caliper 

Length of best-fit rectangle, mm Breadth of best-fit rectangle, mm 
Num 

Actual Estimation Error Actual Estimation Error 

1 5.10 5.12 –0.02 3.30 3.59 –0.29 
2 5.26 5.06 0.2 3.16 3.36 –0.2 
3 4.56 4.32 0.24 4.08 3.95 0.13 
4 6.58 6.21 0.37 6.00 5.81 0.19 
5 10.36 9.95 0.41 8.04 7.88 0.16 
6 7.96 7.86 0.1 6.20 5.91 0.29 
7 14.02 14.09 –0.07 6.70 6.81 –0.11 
8 21.10 21.08 0.02 20.20 20.43 –0.23 
9 20.66 20.49 0.17 18.80 18.67 0.13 
10 28.54 28.53 0.01 24.40 23.78 0.62 
11 33.24 33.17 0.07 23.10 23.54 –0.44 
12 44.06 44.51 –0.45 33.30 33.89 –0.59 

Average of absolute  
value of errors, mm 

0.23 
Variance of absolute  
value of errors, mm2 

0.03 

t-value 0.4934 p-value 0.6264 
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Results and discussion 

Totally 467 coal particles in four size fractions were selected through strictly screen-
ing to compare the accuracy of the investigated nine parameters. The accuracy ratio of 
each parameter in each size fraction was calculated as follows: 

 
Correct number

Accuracy ratio 100%
Total number

  . (1) 

The results shown in Fig. 4 indicate that Dminor and DB were more suitable to repre-
sent the real particle size. The mean value of DB accuracy ratio is 86.43%, and the 
mean value of Dminor accuracy ratio is 85.39%. The others were no more than 70%. 

Particle is a 3-D object having length, width and thickness. Dminor and DB were like 
the width of particles. Width must be smaller than the length. Weixing (2006) indi-
cated that the particle width distribution curve is between the length and thickness 
curves. Authors verified this phenomenon previously. The real thicknesses of 496 
particles were calculated by their real mass, real density and projected area. The width 
is instead of the breadth of the best-fit rectangle because it is near the real width. Fig-
ure 5 shows the results of comparing the real thickness and the breadth of the best-fit 
rectangle, indicating most particles’ thickness are smaller than the width.  

In the process of on-line analysis, particles are constantly shaking on the belt, so 
most particles stand on the stable side, i.e. sit on the biggest bottom area of particle. Of 
course the collision between particles will also affect the particle standing way. In the 
laboratory, particles lie mostly on the biggest bottom area, so length and width of the 
projected area are almost bigger than particle thickness. Thus:  

 Thickness ≤ Width ≤ Length. 

When particles pass through a screen hole, according to the screening principle, 
there are two sizes smaller than the size of the screen hole. Therefore, the width of the 
particle determines whether this particle can pass through the screen hole. The values 
of Dminor and DB are near the width of particles, so they are accurate for the analysis. 

Conclusion 

A set of 496 particles was selected from four size fractions by accurate sieving to com-
pare the accuracy of representing the particle size by nine parameters. Results indi-
cated the Dminor and DB were the most suitable to represent the real particle size. The 
mean value of DB accuracy ratio was 86.43%, and the mean value of Dminor accuracy 
ratio was 85.39%. The mean values of others parameters were no greater than 70%. 
The representing analysis combined with screening principle was proposed to 
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Fig. 4. A comparison of the accuracy of nine parameters in each size fraction 

 

Fig. 5. Real thickness vs. breadth of the best-fit rectangle for the 496-particle sample 

explain the results. This research is instructive and meaningful for the size distribution 
estimation by a machine vision system, especially for the coarse coal particles, based 
on which the on-line analysis for size distribution can be improved. 
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