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Inversion of Multimodal Particle Size Distribution Based on the Artifi-
cial Bee Colony Algorithm

SHAN Liang', LI Hao-ran', HONG Bo', WANG Dao-dang’, ZHA Ting-ting', KONG Ming’
(1 Key Laboratory of Electromagnetic Wave Information Technology and Metrology of Zhejiang Province, College
of Information Engineering, China Jiliang University, Hangzhou 310018, China)

(2 College of Metrology & Measurement Engineering, China Jiliang University, Hangzhou 310018, China)

Abstract: This research proposes to use Artificial Bee Colony algorithm to realize the inversion of the
multimodal distribution of the particle size of small angle forward scattering method based on Mie scattering
theory. The inversions of uniform spherical particle systems which obeying normal distribution, Rosin—
Rammler distribution or Johnson's Sy distribution function were performed, and the particle group
issimulated as unimodal, bimodal and trimodal distribution respectively. The particle size can be well
inverted by the Artificial Bee Colony algorithm. In the case of unimodal distribution, the relative root mean
square error of the particle weight frequency distribution curve can be as low as 3.53X10°®%. The relative
root mean square error of the particle weight frequency distribution curve of the wide bimodal distribution
decreased from 3.38% and 2.70% to 1.53% when it's compared with the independent mode algorithm
Philip-Twomey-NNLS and Chahine. The accuracy of the Artificial Bee Colony algorithm 1s higher, and as
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the number of peaks increases, the width of the distribution curve becomes narrower and the noise
increases, the errors of the Philip-Twomey-NNLS algorithm and the Chahine algorithm increase to
44.99% and 24.36% , respectively, while the error of the Artificial Bee Colony algorithm is 18.22%. A
particle measurement system based on small angle forward scattering method was constructed, and the
scattering images of 35 pm particle group and 30pm and 51pm mixed particle group of national standard
particles were collected for experimental study. The relative error of the characteristic particle diameter
obtained by Artificial Bee Colony algorithm is within 5% , which is about 50% lower than that of Philip—
Twomey-NNLS algorithm.

Key words: Particle size distribution; Artificial Bee Colony algorithm; Mie scattering theory; Small-angle
forward scattering method; Multimodal distribution
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Table 1 The inversion results of unimodal distribution

Mean value
(o, M)
10.00, 45.00

Standard deviation
(o, M)
6.63X10°, 6.28X10°

Distribution function RRMSE/ %

Normal distribution 2.26X10°

RR distribution 10.00, 45.00

10.00, 45.00

9.39X10°%, 6.61X10°
0.002, 0.001

3.53X10°

JS,, distribution 0.02
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Table 2 The inversion results of bimodal distribution

Mean value Standard deviation

Distribution function RRMSE/ %
(0'1, oy, My, M, (0'1, 0., My, Mz)

o 6.00, 6.04 0.002, 0.001

Normal distribution 0.48
30.00, 70.03 0.001, 0.002
5.99, 6.02 0.034, 0.019

RR distribution 0.33
30.01, 70.10 0.025, 0.197
o 5.99, 6.16 0.038, 0.312

JS,, distribution 1.58
30.01, 70.03 0.024, 0.076
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Table 3 The inversion results of trimodal distribution

R ) Mean value Standard deviation
Distribution function RRMSE/%
(017 os, 05, M, MZ7M3) (0'1,0'2,0'3,]\/[1,]\/[2, M:x)

o 4.98, 4.60, 5.43 0.08, 0.94, 3.06

Normal distribution 8.60
14.98, 49.57, 89.34 0.05, 0.70, 2.23
o 5.00, 5.39, 5.61 0.08, 0.33, 3.03

RR distribution 5.54
15.07, 51.43, 89.60 0.13, 4.62, 8.05
o 5.35, 7.81, 4.55 0.61, 4.51, 3.04

JS,;, distribution 19.62
15.02, 49.93, 89.63 0.06, 0.78, 4.90
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Table 4 The inversion results of RR distribution function with random noise

Distribution function Random noise Mean value Standard deviation RRMSE/%
1% 9.97, 45.00 0.002, 0.001 0.26
Unimodal 3% 10.14, 45.15 0.021, 0.013 2.40
(o, M)=(10, 45 pm) 5% 9.89, 44.67 0.006, 0.004 5.03
10% 9.05, 45.14 0.013, 0.014 8.73
6.04, 6.26 0.005, 0.023
1% 2.41
29.90, 70.02 0.012, 0.073
) 6.10, 5.85 0.008, 0.043
Bimodal 3% 3.34
29.84, 70.68 0.007, 0.056
(o1, 0,)=(6, 6),
5.71, 4.99 0.014, 0.099
(M,, M,)=(30 pm, 70 pm) 5% 14.27
30.80, 72.11 0.038, 0.341
6.33, 8.39 0.012, 0.050,
10% 18.55
29.53, 69.58 0.014, 0.047
4.95, 547, 7.48 0.14, 0.45, 4.90
1% 12.00
15.12, 50.61, 93.79 0.12, 2.99, 3.14
' 304 4.99, 5.17, 5.88 0.11, 3.52, 4.85 o
Trimodal o 15.27, 54.62, 89.37 0.20, 1.77, 3.37 o
—(E &£ & ; Y=
(0'1, Oz, 0‘3) (J, O, O),(Mu Mz, M(;) ry 4.57,5.30,4.88 0.13, 1.25,6‘47 s
15 , 50 , 90 o .
(15 pm, 50 pm, 90 pm) ' 15.50, 55.72, 89.68 0.17, 2.07, 11.81
5.58, 5.71, 6.18 0.11, 0.70, 2.39
10% 20.14
15.11, 57.02, 100.02 0.08, 2.10, 1.93
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Chahine 57 #B % W 75 45 Ay fURR . AL I 328 AN [i) 5 88 149 6 428 43 A 1 4 5 o B89 B80S Y B 40 A 1) 3 948 0 524 19
Wil AL P P AT S JHORS JEE X L S5 B 1 ORI REAE S 4 o 43 B 2 .4 .6, X IR M Johnson's S, 4345 bR %X
) 7 A8 BRL DS A AT DOBLUAE 2 A BE AT BT, N T B0 ) S 8 M) B A A BB [ 3~100], o 0 46 A= A1 L Ky
[0~40], HAh 280 5 Z i —FF . R F UG F 400 258 53 A3 il ZAH 0 34 07 MR 25 VR R IR b ol | S it 45 SR 3k 5
s .

&5 ABCHE NNPTH % Chahine AR A HE LR
Table 5 The simulation results of ABC algorithm, NNPT algorithm and Chahine algorithm

. Random NNPT Chahine
Theoretical value . ABC RRMSE/%
noise RRMSE/ % RRMSE/%
0% 0.87 3.49 0.02
(o, M)=(2, 30 pm)
5% 29.88 14.13 1.48
0% 21.82 1.16 2.27X10°"
(o, M)=(4, 30 pm)
5% 40.27 14.31 3.65
0% 45.98 0.20 1.72X10°
(o, M)=(6, 30 pm)
5% 52.93 12.13 2.41
0% 3.38 2.70 1.53
(o1, 0,)=(2,2),(M,, M,)=(30 pm, 60 pm)
5% 23.11 25.56 10.34
0% 20.94 8.06 0.07
(o1, 0,)=0(4, 4),(M,, M,)=(30 pm, 60 pm)
5% 26.86 25.17 5.75
0% 41.85 6.36 1.23
(61, 0,)=(6, 6),(M,, M,)=(30 pm, 60 pm)
5% 44.99 24.36 18.22

A LA N T B3k 4 1 BE B B 0 7 NINPT 5809 il Chahine B3 . % F iR A Johnson's S, 4345 9 5
B, M HREE S8 o BN ORLDRL A8 20 A R AR v, 0 A I 3R 98 NINPT 553 BOTsORS i 4w s Bl 5 AR IE S 80 o
B UK oy A S OA B R A3 AT R AR A5 NINPT 509 S 3 A A 2 R 1 &A1 5 Chahine 58095 X6 8 7 1L 4 i
JRRLON T WA R AR X 43 AT i 2 T R R R A A Y B A AN TR A G A i £ T R R R RO T R
TEAEB RS T W RS I UKL AR 0 A A G 34 D AR R 22 35 /N 2096 ik R T S AR B vk
st 7 SRR R NINP T 33032 %o 43 A it 2k 9 B 1 0 B0 Y [

3 LWEHW

31 XWFE

T8 W] 52 b o 3L ORE A S 00 AR A, Z8 1R K VR R 43 TR D0 2L e BURE B AR X 4T 5 8 = (1.596~
0.11)/1.33. 9 4 632.8 nm 1) HE-NE #% #% , 980t 28 a2 58 0l F AP o o 1 B3 3045 - 47 B 38 21 i 6 ol
WESRT AR ORI S 1, 7 A U . COD AN LRI 28 R AR 155 R HE R 25 mm {8 F 2 1 024 X 1 280.
SRS WE 7 s
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Fig.7 Experimental platform
32 RigEHNHERRE
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(a) Scattering background (b) Scattering particles (c¢) Light energy distribution

B8 ik Rn &L B %
Fig.8 Experimental image of unimodal particle system
Xt TSR AR B A B 5 L ST AT R A B R G AR B AR i 4R BSR4 IR BE R AR R DX, O
T DR ) R0 A A O HBORS A 5 P DB 25 IO S T A S B ) B 5 5 P, T 18T 8 (o) Bz, LA IR B8 ) o
B Tis) SRR B, 5 — (B B PN ) K JEE(ELAE Sy DG BE 23 A1 91 1] i
H T B I BORE 28 AT 4 HE 0 A1 0, 0 12 R ABURE B S AR 20 A1 2 A4 A X 207 AR % 22 RRMSE A 0 3
b 1, DAL G SR FHAURE 8 R E KL A% A iy b v R0 TN T e e 5 12 o JBORE R A28 0 A AR 52 8 RR 3 A1 R 4T
{HE, [ IF 5 NNPT 555k SO 45 SR 04700 b, S i S 80 8 5 07 Horh — B0, RO 45 R a3k 6 i
F6 BIEBNIWFKELER

Table 6 The inversion results of unimodal particle system

Theoretical value (M) Initial value range Inversion algorithm Inversion value(M) Relative error (M) /%
ABC 30.97 pm 3.23
30 pm Me[3~100]
NNPT 32.27 pm 7.57

NN 353 8708 FE
) S 35 2 Y AT g R
33 WENHIHRE

SR FH ) 52 A o KT 30 pm A1 51 e 332 BB 1 1 A8 BU 0 TR A A Sk Al 0 67 4 9, R o SR 1 R B B 2

B TR 22 /0T 504, 1 NNPT 53% #1222 KT 500, N T ST 53 125 70 B e oy A
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Fig.9 Experimental image of bimodal particle system
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Table 7 The inversion results of bimodal particle system

Theoretical value(M,, . i ) . Relative error (M|,
Initial value range Inversion algorithm Inversion value(M,, M,)
M.,) M,)/ %
ABC 31.48 pm, 51.90 pm 4.93, 1.76
30 pm, 51 pm MeE[3~100]
NNPT 32.27 pm, 53.83 pm 7.57, 5.55

it PN T B AR 3 R AT 50 YR BT, S0 T G v S e RR AR R A ML, T VL (L A 40 A 1 108 M 1) 50 A {43
#i 7E 31.16~32.03 pm 2 [ , 5% K {8 1 5 /ME ALHE 22 0.87 pm, H {2 31.58 pm, F- 34 4 31.57 pm, 50 4154
5 10 bR U 22 54 0.28 5 ML Ar AR #E 51.42~52.90 pm 2 (8], fie KAE e /ME AH 25 1.48 pm, R 51.79 pm, 73
B8 51.93 pm, bRifE2E 0 0,41, FE B T N T2 08 B A8 10k A0 XM 00 AR A% 4 A 1) S T80 v AT 38 4 1) 5 e 42

P& 10 72 52 B A 21 1 Y B H 4 A 5 R 3 A5 2 A B BB A 20 A E A7 0 — 4k S5 1% L I . mT LU s 3 A5 3] 1)
S REAE 0 A FSE B A G BE AL 0 A E AT 0 — Ak )5 KECE &, il T 9 AS0R R AR K, G RE(ELAF A1 FF 10 3 158
R,

0.05
—+— Theory

004 b Simulation
=
2
g 003}
=
B
S 0.02
&)

0.01 |

O ) "
0 10 20 30 40 50

Rings

W10 Stee oA
Fig.10  Distribution of light energy values
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