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Abstract—A particle size inversion method based on whale opti-
mization algorithm (WOA) is presented. In the experiment, the
small angle forward scattering measurement system is used to
conduct experimental research on the inversion of bubble particle
size. WOA is used to invert and simulate the bubbles that follow
a certain distribution, adding different levels of random noise to
verify the stability of the algorithm. The results verify the feasibility
and stability of applying WOA to particle size inversion.

Index Terms—Whale optimization algorithm, small angle
forward scattering method, bubble size distribution.

1. INTRODUCTION

ARTICLES refer to tiny solid, liquid or gas in condition of
P segmentation, which is either dispersed in a liquid medium
or dispersed in a gaseous medium to form a two-phase substance.
The accurate detection of particle size characteristics and their
distribution is of great significance for many fields, such as
chemical production [1], material preparation [2], medicinal
products [3], environment monitoring [4] and so on. There
are many methods for particle size measurement. The image
method is the most direct but the accuracy is limited, while the
ultrasonic method will destroy the particles and lead to errors in
the results [5]. The optical measurement technology based on
the principle of light scattering has been widely studied and
applied in recent years, with the advantages of non-contact,
real-time and rapid, wide particle size measurement range, wide
applicability and high measurement accuracy [6], [7], [8], [9],
[10]. The solution of particle size distribution is essentially
to solve the first Fredholm integral problem [6]. This kind of
problem is difficult to solve stably because of its inadequacy, so
the non-independent mode algorithm is usually used in the light
scattering measurement.

Traditional optimization algorithms such as Levenberg-
Marquardt (L-M) method, simplex method and quasi-Newton
method have the disadvantages of slow speed and easy to fall
into local optimality. In recent years, many researchers have tried
to apply some intelligent optimization algorithms with better
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global performance to particle size inversion. The common non-
independent model intelligent optimization algorithms, such
as the genetic algorithm, the cuckoo algorithm, the artificial
fish swarm algorithm and the artificial bee colony algorithm
are easy to fall into local optimal solutions, and have poor
performance when facing high-dimensional complex problems
and engineering design [11], [12], [13], [14]. As a swarm in-
telligence optimization algorithm, the whale optimization algo-
rithm (WOA) has the advantages of easy to jump out of the
local optimal solution, good globality, and fast solution speed
[15].

We choose the WOA to invert the bubble size, and the bubble
size distribution inversion algorithm is analyzed and simulated
theoretically as well as the robustness of the WOA is detected
by adding noise. Experimentally, a small angle forward scat-
tering wake bubble size measurement experimental device is
used to carry out multiple sets of experimental measurements
to verify the particle size distribution of the WOA inversion.
Basing on the WOA inversion, the particle size distribution is
basically consistent with the actual particle size distribution,
which shows that this method has certain feasibility in solving
the problem of particle size inversion distribution, and can be
used in the research field that needs to measure the particle size
distribution.

II. INVERSION ALGORITHM AND SIMULATION OF PARTICLE
S1ZE DISTRIBUTION

A. Bubble Particle Size Inversion Algorithm

Assuming that the particle size of the bubble group to be
measured follows the probability distribution N(D) and the
scattered light intensity of each bubble is Iy (6, D, m), the
total scattered light intensity received I4(6) is expressed as
follows:

Dinax

1, (6) = / Iwie (0, D,m) N (D)dD, (1)
Dmin

where D« and D, respectively represent the diame-

ters of the largest and smallest bubbles. Equation (1) is the

first Fredholm integral equation, which can be simplified as

follows:

I (6:) = Y Iwie (6, D, m) N (D;), )
J

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0009-0005-7425-7903
https://orcid.org/0000-0001-7525-2606
https://orcid.org/0000-0002-5993-0240
mailto:22191215013@stu.xidian.edu.cn

1501906

which can be expanded as Eq. (3):
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Where, I is the column vector of real measured light intensity
distribution, and I4(6;) represents the light intensity received
by the ith pixel on the linear array CCD. A is the intensity
coefficient matrix of magnitude i x j. A; ; = Ivie(0;, D, m)
is the theoretical value of light intensity scattered by the bubble
with particle size D; on the ith pixel, 0; is the scattering angle
corresponding to the ith pixel, and m is the relative refractive
index. N is the column vector of particle size distribution, and
N(D;) represents the number probability of bubbles with particle
size D; in the area to be measured. Therefore, the inversion of
particle size distribution N(D) can be realized by solving Eq. (3).

B. Bubble Size Inversion in Constrained Mode Base on WOA

The WOA is to compare the optimization process of the
algorithm to the process of whales searching for prey, uses
simulations to break down the whale’s predatory behavior into
three actions: encircling prey, bubble net attack, and search for
prey [15]. We can see the basic calculation flow of WOA in
Fig. 1, and then we also show and analyze the formulas of the
three stages of WOA.

1) Encircling Prey: The position of the leading whale as the
optimal search individual is denoted as X p, and the position of
other whale is denoted by X.

d= & X2 () =X (k)
X(k+1)=Xp(k)—H-d. )

) “

Where d is the absolute value of the distance between the
whale and the prey, k € [1, kpayx] is the number of iterations,
and the vectors H and C can refer to [15].

2) Bubble Net Attack: The spiral motion equation of a whale
in a bubble net attack is as follows:

d=[X5 ) -X )

; (6)

Xz(k—i-l):c?-ebl-cos(Qﬂl)—k)T)p(k), (7

Where, b can determine the trajectory of the whale’s spiral
movement, usually 1, € [—1,1] is a random number. When p
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< 0.5, encircling the prey, and p > 0.5, hunting the prey.

Xp(k)—H-d
d - eb - cos (27l) + Xp (k)

ifp < 0.5,
ifp > 0.5.
®)
3) Search for Prey: As described in [15]: when H > 1, the
position of an individual whale is randomly selected in the
individual population as a reference, and the position update
formula is as follows:

X(k+1)=X,(k)—H d" ©)
d":]?)?ﬁ(k)-?(k)‘.

X(k+1)_{

(10)

Where X, is the position of the randomly selected individual
whale, and d" is the absolute value of the distance.

In order to verify the feasibility of the WOA. Here, we use this
algorithm to invert the bubble particle size. Assuming that the
characteristic particle size parameter D of the original particle
size distribution of the bubble is 70 pm, and the particle size
distribution width parameter o is 5, the original particle size
distribution of the bubble is shown in Fig. 2. In addition, 3%,
5% and 10% random noises are added to the simulation calcula-
tion to verify the anti-noise performance of the algorithm. The
parameters of scattering light intensity matrix A are as follows:
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Fig. 2.  Original distribution of bubble size.
TABLE I
PARAMETER SETTING OF WOA
Size M Dimension of Iterations £ Search space
problem mex
200 b 50 D€[3,200] o €[0,40]

TABLE II
INVERSION RESULTS OF WOA

Noise Average Value(ﬁ,a) Standard deviation(ﬁ,a)

0% (69.999,5.006) (0.049,0.038)
3% (69.757,4.915) (0.029,0.025)
5% (69.947,4.674) (0.026,0.020)
10% (75.046,3.685) (0.011,0.009)

the wavelength of the incident light is 532 nm, the receiving
angle of the scattering light intensity ranges from 0 to 6.657°,
the dispersion is 149 points, the particle size ranges from 3 to
200 pm, and the particle size intervals are divided into 100 at
equal intervals, then the coefficient matrix A is a matrix of order.
The parameter settings for WOA are shown in Table L.

We use WOA to solve the objective function under these three
types of noise for 20 times respectively. The average value and
standard deviation of the 20 groups of solutions are obtained,
as shown in Table II. The bubble particle size distribution curve
drawn according to the average values of D and ¢ in the table
is shown in Fig. 3.

By analyzing the above information, we can find that: when
the noise level is below 10%, the mean value of D obtained byin-
version is very close to 70 um, while when the noise level is 10%,
the obtained D is 75.046 pm, and the relative error is 7.21%.
The parameter o decreases with the increase of noise, indicating
that noise will widen the particle size distribution curve and the
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Fig.3. Bubble size distribution of WOA inversion under different noise levels.
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Fig. 4. The iterative process of the WOA.

larger the noise, the wider the width. From Table II, it can be
seen that the results obtained by running 20 times under different
noise levels have little difference, which indicates the stability
of the algorithm. When the noise level is low, the obtained
results are basically consistent with the original distribution.
When the noise level is 5%, the peak value of the particle size
distribution decreases and the curve widens compared with the
original distribution. When the noise is 10%, not only is the peak
significantly reduced, the particle size corresponding to the peak
is increased, but the curve broadening is also very obvious.

Here, we record the variation of the objective function with
k during the WOA operation when the noise level is 3%, as
shown in Fig. 4. We can see that the WOA converges quickly in
the iterative process, and the value of the objective function can
converge to a small value in the 10th iteration, and the calculation
efficiency is high. The data analysis shows that the WOA used in
the measurement of bubble size distribution has certain accuracy
and reliability.

C. Bubble Size Inversion Simulation Based on Chahine

The Chahine algorithm originally been used to measure at-
mospheric temperature distribution, and further research found
that it can also be applied to particle measurement. The iterative
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Fig. 5. Iterative results of Chahine algorithm under noises.

formula of Chahine algorithm is shown as (11):

I = AN®

hk) =1, /1)

k) = (ATh(k)) ‘/sum (AT)
N+ — (k) 5 N

an

Where k represents the number of iterations, and “sum” is
the operator for summing matrix columns. The outstanding
advantages of the Chahine algorithm are fast convergence speed,
simple iteration formula, good results can be obtained without
noise interference, and the initial value of the particle size
distribution column vector has little influence on the iterative
results. However, the disadvantages of this algorithm are also
obvious. As shown in Fig. 5. when the measured data contains
noise, the results obtained will not get better with the increase
of the number of iterations, and the optimal number of iterations
will change with the difference of the noise level [16]. Because
the rising movement of the bubble causes the distribution of
scattered light to change to some extent, so that the noise level
is different at different times, it is difficult to select the number
of iterations when using this algorithm to measure the bubbles.

In order to conduct a comparative study with WOA, we select
the Chahine algorithm to invert bubbles at different noise levels,
and the bubble size curve distribution is shown in Fig. 6. It can be
seen that the inversion results obtained by the Chahine algorithm
are somewhat deviated from the original bubble size distribution.
When the noise level increases, the peak value of the bubble
size distribution curve decreases and widens. By comparing the
results obtained from the WOA inversion in Fig. 3, it can be
found that the WOA results are better than the Chahine results
at the same noise level.

III. EXPERIMENT
A. Experimental System Introduction

The process of the experiment is as follows: firstly, the ex-
tended collimated beam is irradiating onto a group of bubbles
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TABLE III
THE MODEL AND PARAMETERS OF THE EXPERIMENTAL DEVICE

Type: LSR-PS-FA, A: 532nm,

Av <0.1nm, 0 = 2mrad
Microscope(*x40), Lens (/~=115mm),
Diaphragm

=300mm

pixels number: 7450;

He-Ne laser

Beam expanding

system

Fourier lens

Linear CCD ) .
pixel size:4.7umx4.7um

in a cylinder. The incident light is scattered by a group of
bubbles and received by a fourier lens, forming a circularly
symmetric scattered light field on the rear focal plane of the lens.
The scattering light intensity data is collected by linear array
CCD and transmitted to the computer for storage and analysis.
The experimental system is shown in Fig. 7. The model and
parameters of the experimental device are shown in Table III.

B Inversion of Bubble Size Distribution

1) Tracer Particle Inversion: Tracer particles of different
sizes are dropped to verify the effectiveness of the experimental
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Fig. 9. Bubbles image taken by camera.

(a) ()

Fig. 10. Comparison of forward scattered light before and after bubble for-
mation:(a) pre-bubble and (b) post-bubble.

system. Here, we use the WOA to solve the scattered light
intensity distribution of these three particles, and obtain the
tracer particle size distribution as shown in Fig. 8. We can see
that the peak values of particle size distribution curves obtained
by WOA are about 10 pm, 20 pm, and 50 pm, respectively.
And these three tracer size distribution curves have a certain
broadening, indicating that there is a certain range of particle
size. It may also because the impurities in the water and the
impurities in the air will also have a certain scattering of the
laser, which will affect the experimental results.

2) Measurement of Bubble Size Distribution: Firstly, esti-
mating the bubble size range use image method. Here, we get
bubble size d in the figure is between 5.3~26.5 um. Then, by in-
corporating the image method formula, we can obtain the actual
size D of the bubble can be obtained between 27.56~137.8 pm.
The following Fig. 9. is an image of bubbles.
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Fig. 10. is a comparison of the scattered light before and after
the bubble is generated in the experiment. It can be seen that
after the laser is scattered by the bubble and deviates from the
original propagation direction, thus enlarging the light spot at
the focal plane of the lens.

Fig. 11. shows the bubble size distribution obtained using
WOA at different collection times. It can be seen that: the
particle size of the bubbles is mainly concentrated in the range
of 20~140 pm, which is consistent with the results of the image
method. The peak value of the particle size distribution curve
is about 60 pm, indicating that the bubbles with a size of about
60 pm are the most. Comparing the four curves in the Fig. 11, we
can see that the particle size distribution of the bubbles collected
four times changes very little.

IV. CONCLUSION

A constraint-mode particle size inversion simulation method
based on whale optimization algorithm is presented. The sta-
bility of the algorithm is verified by adding noise during the
simulation. The bubble particle size measurement system is
used to measure the bubble particle size mainly in the range
of 20~140 pm, and the bubble particle size range obtained by
WOA inversion is basically consistent with the experimental
measurement. The validity, feasibility and stability of measuring
the particle size distribution of bubble wake based on light
scattering method and whale optimization algorithm are verified.
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