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Abstract. With the development of science and technology, more and more demand was proposed 
in the sieving industry. The sieving theory has been used to optimize parameters of vibrating 
screen to achieve a higher screening efficiency. Perfecting the sieving theory was became the main 
goal of most scholars to study the vibrating screen. Stratification as part of sieving theory research, 
the screening process and screening result was deeply influenced by stratification. In this paper, 
the sedimentation difference was defined to make the stratification became a numerical 
description. The discrete element method (DEM) has been used to simulate the screening process 
about the vibrating screen with translation-swing composite motion. The relationship between 
screening efficiency and sedimentation difference under each parameter is established and the 
effect of stratification on screening efficiency is studied under various single parameter conditions 
including vibration frequency, amplitude, vibration direction angle, swinging frequency, and 
swinging angle. The conclusions are: sedimentation difference is closely related to screening 
efficiency, the screening efficiency had obviously a positive correlation with the sedimentation 
difference. Combined with the value of the sedimentation difference, a better positive stratification 
is meaningful to the screening process and screening efficiency. 
Keywords: vibrating screen, stratification, sedimentation difference, screening efficiency, sieving 
theory. 

1. Introduction 

Sieving machinery is used to classify particle material by particle size in the industry. The law 
of the screening process is extremely complicated. The screening process is regarded as the 
intricacies of particle-particle and particle-machine interactions. The influence of these 
interactions on the screening process affected the screening efficiency and the value of the product. 
The screening process can be divided into four parts through the previous researches: 
(1) Looseness: the void space that occurs between particles which are rebounded by the sieve  
plate. (2) Stratification: fine particles through the coarse particles to approach the screen surface. 
(3) Collision: the particles near the screen surface are defined as the collision particles, some of 
these particles impact the sieve wires and some pass through the sieve mesh. (4) Penetration: the 
particles pass through the apertures to become undersize particles. By these four parts, the  
particles’ classification was completed. 

Stratification is the main process of the sieving process, scholars have done a lot of work for 
the stratification. Mosby [1, 2] used some factors to describe the phenomenon of material 
stratification, and put forward some viewpoints that are instructive to screening: (1) stratification 
is easier to happen when distribution of the particle size is very spread; (2) stratification is more 
difficult when the distribution of the particle size is concentrated; (3) particle size has a bigger 
influence on stratification than particle density and shape; (4) it is not easier to stratify for wet 
material or material mixed with fluid. The research of Lawrence and Beddow [3] shows that 
stratification is best when the content of fine particles is at 15 to 30 percent, and stratification 
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almost does not occur when the content of fine particles is at 60 percent or more. Chen Yanhua 
and Tong Xin [4, 5] stated briefly that stratification in sieving is the process that fine particles 
passed through coarse particles and reached to screen surface when the screen is vibrating. 
Forming fine particles group near the screen surface is the result of stratification. The fine particles 
are closer to the screen surface, the easier they can penetrate to screen. Rao [6] has presented 
several factors that influence the stratification process, such as particle size, shape, and density. In 
these articles, stratification is defined as the content of fine particles in a certain thickness of 
material on the screen surface. It can’t really reflect the stratification by using this method because 
they didn't take the distance between the fine particles with the screen surface into consideration. 

When the particle is vibrated, coarse particles move upward and fine particles move  
downward, which is referred to as the Brazil nut effect [7, 8]. Stratification configuration of Brazil 
fruit under the ideal condition like the Fig. 1(a), it is the stratification configuration we want to 
achieve most. Fig. 1(b) is the stratification configuration of Anti Brazil fruit under ideal condition, 
coarse particles move downward and fine particles move upward. This stratification configuration 
leads to the fine particles can’t reach to screen surface, so we should avoid the appearance of 
stratification configuration of Anti Brazil fruit. There is another stratification configuration that 
likes a sandwich, the coarse particles are sandwiched between the fine particles. This stratification 
configuration can be described as Fig. 1(c). These three stratification configurations are layered 
under ideal conditions. In the actual sieving process, the particles are randomly distributed 
(Fig. 1(d)). The significance of stratification is to make more fine particles closer to the screen 
surface [9, 10]. 

 
a) Stratification configuration of Brazil fruit  

under ideal condition 

 
b) Stratification configuration of Anti Brazil  

fruit under ideal condition 

 
c) Sandwich configuration under  

ideal condition 

 
d) Stratified configurations under  

actual screening condition 
Fig. 1. Stratified configurations 

2. Simulation 

2.1. Definition and calculation method of sedimentation difference  

As mentioned above, the significance of stratification is to make more fine particles closer to 
the screen surface, so the distance between particles to screen surface should be calculated, 
stratification sedimentation coefficient and sedimentation difference were proposed in this paper. 
To count the particle content according to the distance between the particle and the screen surface, 
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when the particle content is determined, the distance between the screen surface and the layer is 
also determined. In the screening process, most of the particles under the bottom layer were 
contacted with the screen surface and the particles over the top layer had no effect on stratification. 
Accordingly, the layer that particle content is between 10 percent and 90 percent was considered 
as a material bed, particle content is 10 percent was called the bottom layer of material bed, and 
particle content is 90 percent was called the top layer of the material bed, it was shown in Fig. 2.  

 
Fig. 2. Section of the material bed 

In the material bed, the stratification sedimentation coefficient is defined as the ratio of the 
mean distance between fine particles under relative separated particle size and all particles from 
themselves to the bottom layer of material bed on the screen. According to experience, the 
0.7 times of aperture size often been used as relative separated particle sizes to calculate the 
screening efficiency, and there is high screening efficiency when it is used for dealing with 
difficult-to-screen material. Stratification sedimentation coefficient 𝑆 is given by Eq. (1): 

𝑆 = (𝐻ଵ − 𝐻௔)(𝐻 − 𝐻௔) × 100%, (1)

where 𝐻ଵ is mean distance from fine particles under relative separated particle size to the screen 
surface. 𝐻௔ is the distance from the bottom layer of the material bed to the screen surface. 𝐻 is the 
mean distance from all particles to the screen surface. 

The sedimentation difference is based on the stratification sedimentation coefficient. To 
calculate the mean distance of coarse particles over relative separated particle size and fine 
particles under relative separated particle size from themselves to the bottom layer of material bed, 
and divided by the mean distance of all particles from themselves to the bottom layer of material 
bed on the screen. Sedimentation difference 𝑆𝐷 is using Eq. (2): 

𝑆𝐷 = −(𝐻ଵ − 𝐻ଶ)(𝐻 − 𝐻௔) × 100%, (2)

where 𝐻ଵ is the mean distance from fine particles over relative separated particle size to the screen 
surface. 𝐻ଶ is the mean distance from coarse particles under relative separated particle size to the 
screen surface. 𝐻 is the mean distance from all particles to the screen surface. 𝐻௔ is the distance 
from the bottom layer of the material bed to the screen surface. 

In order to facilitate statistics, the sedimentation difference 𝑆𝐷 is also using Eq. (3): 𝑆𝐷 = 𝑆ଵ − 𝑆ଶ, (3)

where 𝑆ଵ is mean the stratification sedimentation coefficient of the coarse particles, 𝑆ଶ is mean the 
stratification sedimentation coefficient of the fine particles. 

In the software of DEM, the position and quality information of each particle can be obtained 
in the three-dimensional coordinate system, then calculated the height of each particle from the 
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screen surface by using the following formulas: tan𝛼 = 𝑧ଵ𝑥 , (4)𝑧ଵ + 𝑧ଶ = 𝑧, (5)cos𝛼 = ℎ𝑧ଶ, (6)ℎ = (𝑧 − 𝑥tan𝛼)cos𝛼, (7)

where 𝛼 for the slope angle of the screen surface, ℎ for the height of particles from screen surface, 𝑥 and 𝑧 for the 𝑋-axis and 𝑧-axis coordinates of particles in the three-dimensional coordinate 
system, respectively. 

 
Fig. 3. The height of particle to screen surface 

The height of each particle can be calculated by using the above method, 𝐻 was determined 
by averaging the height of all particles, and 𝐻ଵ was determined by averaging the height of fine 
particles under relative separated particle size. 𝐻௔ is the distance from the bottom layer of material 
bed to the screening surface, and particle content is 10 percent was called the bottom layer of 
material bed, we can use the following steps to determine the 𝐻௔. Firstly, calculate the total mass 
of particles on the screen surface. Secondly, sort the height from small to large. Thirdly, summed 
the particle mass according to height. When the sum equals one-tenth of the total mass, 𝐻௔ was 
determined and equals to the height of the last particle. 

Combine with the value of the sedimentation difference, stratification called ‘positive 
stratification’ when the value is greater than 0, this stratification corresponds to the stratification 
configuration of Brazil fruit; stratification called ‘negative stratification’ when the value is lee 
than 0, this stratification corresponds to the stratification configuration of Anti Brazil fruit. 

We can use Eq. (8) and Eq. (9) to calculate the stratification sedimentation coefficient of the 
coarse particles and fine particles. Finally, SD can be obtained by subtraction with the Eq. (3): 

𝑆௝ = ൫𝐻ଵ௝ − 𝐻௔௝൯൫𝐻௝ − 𝐻௔௝൯ × 100%, (8)

𝑆 = ∑ 𝑆௝ଽ௝ୀଵ9 , (9)

where 𝑗 for the number of points. Because of the screen surface have sinusoidal vibration with 
periodically change, and the stratification sedimentation coefficient was influenced by the motion 
of the screen surface, so we choose a cycle randomly, and divided the cycle into nine points, then 
calculated the stratification sedimentation coefficient of these nine points and average out their 
values, the average value was treated as the stratification sedimentation coefficient.  
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2.2. The discrete element method used in the simulation 

In recent years, the discrete element method (DEM) has been used to model the motion and 
effect of a large number of particles. Many scholars have achieved great success by using the 
DEM to study the vibrating screen. P. W. Cleary [11-13] has made a great contribution to the 
development of the vibrating screen, he applied the DEM to model and affect a large number of 
small particles to capture the spherical particle separation on an inclined flat screen, he has proved 
that the DEM has a good efficacy to simulate the motion of particles on the sieving machinery. 
Tong [14, 15] has built the 3D model of vibrating screen, then used the model analyzed the 
screening efficiency and screening process in different parameters with a different pattern of 
vibration. So the data difficult to obtain in the actual sieving process can be obtained by using the 
simulation based on the discrete element method. 

The DEM apply Newton’s second law of motion to calculate the forces and acceleration acting 
on each particle [16, 17]. Using the dynamic relaxation method or static relaxation iteration 
methods, new particle states are obtained. Then all of the forces and moments produced by the 
collisions are summed up. The resulting equations of motion are integrated, as follows: 

𝑥ሶ௜ = 𝑣௜ ,    𝑣ሶ௜ = ∑ 𝐹௜௝௝𝑚௜ + 𝑔, (10)𝜃ሶ௜ = 𝜔௜ ,    𝜔ሶ ௜ = ∑ 𝑀௜௝௝𝐼ூ , (11)

where 𝑥௜, 𝑣௜, 𝐹௜௝ are the displacement, velocity and collisional forces of the particle which number 
is 𝑖 , 𝜃௜ , 𝜔௜ , 𝑀௜௝ , 𝐼௜  are angular displacement, rotational velocity, resultant moment and the 
moment of inertia of the particle which number is 𝑖. So the position information needed in this 
paper can be obtained by using DEM easily. 

2.3. Simulation model and condition 

The vibrating screen of translation-swing composite motion is the combination of sinusoidal 
translation and sinusoidal rotation [18]. Decomposing the motion, we can get the sinusoidal 
translation is shown as follow: 𝐴௫ = 𝐴 ⋅ sin𝜃 ⋅ sin(𝜔𝑡 − 𝑎௫),𝐴௬ = 𝐴 ⋅ cos𝜃 ⋅ sin൫𝜔𝑡 − 𝑎௬൯, (12)

where 𝐴௫ and 𝐴௬ are the displacements in the horizontal and vertical directions, 𝑎௫ and 𝑎௬ are the 
phase angles between the exciting force and the displacements in the horizontal and vertical 
directions, 𝜔 is the angular velocity, 𝐴 is the amplitude of vibration, 𝜃 is the vibrating direction 
angle. So the vibration is determined by the vibration frequency, amplitude, and vibrating 
direction angle. 

The sinusoidal rotation is shown as follow: 𝜑 = 𝐴ఝsin𝜓𝑡, (13)

where 𝜑 is the swinging displacement, 𝐴ఝ is the amplitude of swinging displacement, 𝜓 is the 
swinging frequency. So the sinusoidal rotation is determined by the swinging frequency and 
swinging angle. 

In conclusion, the vibrating screen of translation-swing composite motion is determined by the 
vibration frequency, amplitude, vibrating direction angle, swinging frequency, and swinging  
angle. 
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A 3D model was set up to simulate particle flow on a vibrated inclined screen, the initial 
parameters were shown in Fig. 4, and the angle of screen inclination is 21 degrees, screen box is 
160 mm long, 30.5 mm wide and 80 mm high. Combined with the size distribution of sands used 
in the industry, mixture of two different size particles is employed which consists of a bimodal 
normal distribution with individually mean diameters of 0.5 and 1.0 mm and uniformly standard 
deviation of 0.55 in the paper. The total number of particles is 10000 in every simulation, and 
particles generate rate is 16666 particles/s. Other conditions and parameters are listed in Table 1 
and Table 2.  

  
Fig. 4. Simulation model 

Table 1. Material properties 
Material properties Poisson’s ratio Shear modulus Density 

Particle 0.3 2.3e+07 Pa 2678 kg/m3 
Screen surface 0.29 7.992e+10 Pa 7861 kg/m3 

Table 2. Collision properties 
Collision 
properties 

Coefficient of 
restitution 

Coefficient of 
static friction 

Coefficient of 
rolling friction 

Particle-particle 0.1 0.545 0.01 
Particle-geometry 0.2 0.5 0.01 

3. Results and discussion 

As a criterion for evaluating screening efficiency (𝑆𝐸), 𝜂 is described as: 

𝜂ௗ = ቆ𝑚ழௗ௨𝑚ழௗ − 𝑚வௗ௨𝑚வௗቇ× 100%, (14)

where 𝑚ழௗ, 𝑚வௗ are the mass of particles whose diameters are smaller than 𝑑 and bigger than 𝑑. 𝑚ழௗ௨ , 𝑚வௗ௨  are the mass of particles whose diameters are smaller than 𝑑 and bigger than 𝑑 and 
their position is under the screen surface, 𝜂ௗ is screening efficiency of the separation size is 𝑑. 

The relationship between screening efficiency and sedimentation different was systematically 
analyzed by the comprehensive methods of intuitive analysis and mathematical statistics analysis.  

3.1. Intuitive analysis 

The method of comparing the relationship between screening efficiency and sedimentation 
different by their graphs is called intuitive analysis. Their trends can be analyzed intuitively by 
this method. 

3.1.1. Vibration frequency 

Numerous studies had shown that vibration frequency had a major influence on particles 
bounce. Vibration frequency as one of the simulation conditions that we set at 16 Hz, 18 Hz,  
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20 Hz, 22 Hz, 24 Hz, and 26 Hz is used to obtain variation laws of sedimentation different. 
Compared the screening efficiency with the sedimentation different in Fig. 5, it concluded that the 
two curves of the sedimentation difference and screening efficiency change similarly in whole 
intervals, although they show an opposite tendency in a very small interval, it can be proved that 
improve the sedimentation difference could promote the screening efficiency. The sedimentation 
difference changes with several values of vibration frequency, and it reaches the maximum when 
the vibration frequency is 18 Hz. The sedimentation difference increases with vibration frequency 
when vibration frequency is less than 18 Hz, and it decreases with vibration frequency when 
vibration frequency is greater than 18 Hz. It can be concluded that sedimentation is best when 
vibration frequency reaches a certain point. When the vibration frequency changes, combined with 
the value of the sedimentation difference, positive stratification appeared in the interval about 
16 Hz to 26 Hz. In this interval, stratification is beneficial for the sieving process. 
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Fig. 5. Comparison between sedimentation  

difference and screening efficiency  
about different vibration frequency 
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Fig. 6. Comparison between sedimentation 

difference and screening efficiency  
about different amplitude 

3.1.2. Amplitude 

Generally, the amplitude has a similar influence on screening efficiency with the vibration 
frequency. Amplitude is one of the simulation conditions that we set at 0.5 mm, 1.0 mm, 1.5 mm, 
2.1 mm, 2.5 mm, 2.8 mm, and 3.8 mm. Compared the screening efficiency with the sedimentation 
different in Fig. 6, it concluded that the two curves of the sedimentation difference and screening 
efficiency change similarly in whole intervals, it can be proved that improve the sedimentation 
difference could promote the screening efficiency. The sedimentation difference changes with 
several values of amplitude, and it reaches the maximum when the amplitude is 1.5 mm. The 
sedimentation difference increases with amplitude when the amplitude is less than 1.5 mm, and it 
decreases with amplitude when the amplitude is greater than 1.5 mm. When the amplitude  
changes, combined with the value of the sedimentation difference, positive stratification appeared 
in the interval about 0.5 mm to 3.5 mm. 

3.1.3. Vibrating direction angle 

Vibrating direction angle has an influence on the force direction of the particle over the screen 
surface, and it is related to the time of the screening process. The value of the vibrating direction 
angle should not be too small, because the particles stayed on the screen surface for a long time 
and the handling capacity of the vibration screen became small. Vibrating direction angle as one 
of the simulation conditions that we set at 31°, 36°, 45°, 56°, 61°, 68° and 81°. Compared the 
screening efficiency with the sedimentation different in Fig. 7, it concluded that the two curves of 
the sedimentation difference and screening efficiency change similarly in whole intervals, it can 
be proved that improve the sedimentation difference could promote the screening efficiency. The 
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screening efficiency and sedimentation difference change with several values of vibrating 
direction angle, and it decreases with vibrating direction angle in the whole interval. When the 
vibrating direction angle changes, combined with the value of the sedimentation difference, 
positive stratification appeared in the whole section. For negative stratification, it does not appear 
within an acceptable range of the vibrating direction angle, but that doesn’t mean it won’t appear 
when the vibrating direction angle is the other value. 
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Fig. 7. Comparison between sedimentation  
difference and screening efficiency about  

different vibrating direction angle 
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Fig. 8. Comparison between sedimentation 
difference and screening efficiency about  

the different swinging frequency 

3.1.4. Swinging frequency 

Similar to vibration frequency, swinging frequency has an effect to decide the activity of the 
particle over the screen surface. Swinging frequency as one of the simulation conditions that we 
set at 8 Hz, 13 Hz, 15 Hz, 22.5 Hz, 35 Hz and 40 Hz. Compared the screening efficiency with the 
sedimentation different in Fig. 8, it concluded that the two curves of the sedimentation difference 
and screening efficiency change similarly in whole intervals, it can be proved that improve the 
sedimentation difference could promote the screening efficiency. The sedimentation difference 
changes with several values of swinging frequency, and it reaches the maximum when the 
swinging frequency is 13 Hz. The sedimentation difference increases with swinging frequency 
when swinging frequency is less than 13 Hz, and it decreases with swinging frequency when 
swinging frequency is greater than 13 Hz. It can be concluded that sedimentation is best when the 
swinging frequency reaches a certain point. When the swinging frequency changes, combined 
with the value of the sedimentation difference, positive stratification appeared in the interval about 
10 Hz to 15 Hz. 

3.1.5. Swinging angle 

The swinging angle plays a decisive role in the swinging amplitude, thus it directly affects the 
quality of the stratification. Swinging angle as one of the simulation conditions that we set at 0.3°, 
0.5°, 0.8°, 1.1°, 1.8°, 2.8° and 3.6°. Compared the screening efficiency with the sedimentation 
different in Fig. 9, it concluded that the two curves of the sedimentation difference and screening 
efficiency change similarly in whole intervals, it can be proved that improve the sedimentation 
difference could promote the screening efficiency. The sedimentation difference changes with 
several values of the swinging angle, and it reaches the maximum when the swinging angle is 0.5°. 
The sedimentation difference increases with the swinging angle when the swinging angle is less 
than 0.5°, and it decreases with swinging angle when the swinging angle is greater than 0.5°. It 
can be concluded that sedimentation is best when the swinging angle reaches a certain point. When 
the swinging angle changes, combined with the value of the sedimentation difference, positive 
stratification appeared in the interval about 0.3° to 2.0°. 
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Fig. 9. Comparison between sedimentation difference  

and screening efficiency about the different swinging angle 

3.2. Mathematical statistics analysis 

Using the correlation coefficients to describe the linear dependence of screening efficiency 
and sedimentation different should better reflect their relationship.  

The correlation coefficient of two random variables is a measure of their linear dependence. If 
each variable has 𝑁 scalar observations, then the Pearson correlation coefficient is defined as 
follow: 

𝜌(𝐴,𝐵) = 1𝑁 − 1෍൬𝐴௜ − 𝜇஺𝜎஺ ൰ே
௜ୀଵ ൬𝐵௜ − 𝜇஻𝜎஻ ൰, (15)

where 𝜇஺ and 𝜎஺ are the mean and standard deviation of 𝐴, respectively, 𝜇஻ and 𝜎஻ are the mean 
and standard deviation of 𝐵. Alternatively, you can define the correlation coefficient in terms of 
the covariance of 𝐴 and 𝐵: 

𝜌(𝐴,𝐵) = cov(𝐴,𝐵)𝜎஺𝜎஻ . (16)

The correlation coefficient matrix of two random variables is the matrix of correlation 
coefficients for each pairwise variable combination: 𝑅 = ൬𝜌(𝐴,𝐴) 𝜌(𝐴,𝐵)𝜌(𝐵,𝐴) 𝜌(𝐵,𝐵)൰. (17)

Since 𝐴 and 𝐵 are always directly correlated to themselves, the diagonal entries are just 1, that 
is: 𝑅 = ൬ 1 𝜌(𝐴,𝐵)𝜌(𝐵,𝐴) 1 ൰. (18)

The correlation is very strong when the value of the correlation coefficient is close to 1. 
Meanwhile, the value of the correlation coefficient does not change with the order of the data. In 
this paper, the number of our samples is 33 and the correlation coefficient is 0.5211. From the data 
analysis, the screening efficiency was middlingly correlated with sedimentation different.  

In addition, put all data of the screening efficiency and sedimentation different together, and 
arranged them in order of sedimentation different from small to large. Compared to the growing 
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trend of sedimentation different and screening efficiency by their trend lines (Fig. 10). It 
concluded that their growth trends are similar. 

 
Fig. 10. Comparison between screening efficiency and sedimentation different 

4. Conclusions 

From this work, we can get the following conclusion: 
1) The definitions of stratification sedimentation coefficient and sedimentation difference have 

been proposed and proposed a method to calculate the stratification sedimentation coefficient and 
sedimentation difference. Through the value of sedimentation difference, the stratification should 
be understood better. It can enrich the mechanism of stratification and provide some thoughts for 
the research of stratification. 

2) In this paper, the relationship between the sedimentation differences with the screening 
efficiency was analyzed. After the study, it can be found that improve the sedimentation difference 
could promote the screening efficiency and the screening efficiency had obviously a positive 
correlation with the sedimentation difference. It proved that the stratification is meaningful to the 
screening efficiency.  

3) The vibrating screen of translation-swing composite motion as a new type of vibrating 
screen, for our feeding sample, we can achieve a screening efficiency about 76 %. The optimal 
vibration parameters are: vibration frequency is 20 Hz, the amplitude is 1.5mm, vibrating direction 
angle is 31°, swinging frequency is 15 Hz, and swinging angle is 0.5°. 

Anyway, it is not enough to improve the screening efficiency by research the law of 
stratification only, a better stratification is the key to improve the screening efficiency, and this 
work hopes to continuously improve the screening theory and further breakthroughs. 
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