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Abstract In the large inversion range, wavelet-regularization inversion method (WRIM) is an effective method to
improve the inversion accuracy of dynamic light scattering (DLS) data. However, the inversion accuracy of WRIM
is still low for the strong noise and bimodal particles data. Based on WRIM, combined with the advantages of the
traditional single scale Tikhonov and Truncated singular value decomposition (TSVD) regularization in DLS
inversion, the multi-scale Tikhonov-TSVD-WRIM (TTWRIM) used for the DLS data is proposed. In this method,
Tikhonov is applied to the adaptive adjustment of the coarse scale inversion range, and then TSVD is applied to the
fine scale inversion, and its inversion result is processed by cubical smoothing algorithm with five-point
approximation. Under three kinds of noise levels with 0.001, 0.005 and 0.01, the simulated data are inverted by
Tikhonov, TSVD, WRIM and TTWRIM, respectively. The results show that TTWRIM has a high accuracy,
strong anti-interference ability and bimodal resolution. Finally, the inversions of the measured particles also verify
the conclusions of the simulated data. In the inversion range of [1 nm, 2000 nm], the peak value error of TTWRIM
for 300 nm unimodal and 100~500 nm bimodal measured particles are 0.18% and 2.81%, respectively.
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Fig. 2 Inverse PSD of unimodal distribution particles with particle size in range of 250~550 nm at different

noise levels. (a) 0.001; (b) 0.005; (c) 0.01
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Fig. 3 Inverse PSD of bimodal distribution particles with particle size in range of 100~600 nm at different
noise levels. (a) 0.001; (b) 0.005; (¢) 0.01
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Table 1 Inverse data of unimodal distribution particles with particle sizein range of 250~550 nm

Tikhonov TSVD
Noise level
PV /nm PVE /% PSDRE PV /nm PVE /% PSDRE
0.001 392.0 1.38 0.3899 392.0 1.38 0.1427
0.005 386.5 2.77 0.4604 386.5 2.77 0.1851
0.01 375.5 5.53 0.4756 375.5 5.53 0.2607

F 2 100~600 nm XU 4315 JWOkE A4 52 38 B0

Table 2 Inverse data of bimodal distribution particles with particle size in range of 100~600 nm

Tikhonov TSVD
Noise level
PV /nm PVE /% PSDRE PV /nm PVE /% PSDRE
0.001 152.81, 512.36 4,97, 3.22 0.5668 152.81, 472.41 4,97, 4.83 0.3473
0.005 — — . 0.7394 160.80, 512.36 0, 3.22 0.3356
0.01 — — 0.7425 168.79, 464.44 4.97, 6.43 0.3621
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Fig. 4 Inverse PSD of unimodal wide distribution particles with particle size in range of 300~800 nm using

different methods at different noise levels. (a) 0.001; (b) 0.005; (c) 0.01
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Fig. 5 Inversion PSD of unimodal narrow distribution particles with particle size in range of 300~800 nm

using different methods at different noise levels. (a) 0.001; (b) 0.005; (c¢) 0.01

0.030 0.030

_— tu.re (b) — tgre (C)' ) —_ tgre
o phonov 0,025 benov 0025 1] DR
. gerH;deIM 0.020 . ’[VY’I?VIVI\élM 0.020 . ";V;;LB;IHM
Q% 0015 § ?3 0.015 ¢

0.010 0.010 |

0.005

N

0 L b (1) o
0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
Particle size d /mm Particle size d /nm Particle size d /nm

Kl 6 IR A KSR . 100~900 nm XU 58 o A OkE 2 7E A [/ 77 % T I /3 PSD. () 0.0015(h) 0.0053(c) 0.01
Fig. 6 Inversion PSD of bimodal wide distribution particles with particle size in range of 100~900 nm using

different methods at different noise levels. (a) 0.001; (b) 0.005; (c) 0.01
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Table 3 Simulation parameters of different particles

Particals Min /nm Max /nm u, o, U, o
Wide 300 800 —0.2 2.0 — —

Unimodel
Narrow 300 800 —2.5 2.0 — —
Wide 100 900 —2.5 2.2 3.8 2.1

Bimodel
Narrow 100 900 —35.5 2.2 5.5 2.1

F 4 ARIBEAEKFET,300~800 nm FIg 58 43 A B0k 1Y 52 38 Ko i

Table 4 Inverse data of unimodal wide distribution particles with particle size in range of 300~800 nm at different noise levels

0.001 0.005 0.01
Method
PV /um PVE /% PSDRE PV /um PVE /% PSDRE PV /um PVE /%  PSDRE
Tikhonov 500.75 10.7 0.4160 500.75 10.74 0.4325 475.76 15.20 0.5359
TSVD 525.74 6.28 0.2789 525.74 6.28 0.3308 550.72 1.83 0.2902
WRIM 500.28 10.82 0.1774 505.96 9.81 0.2495 543.13 3.19 0.2647
TTWRIM 532.79 5.03 0.1219 543.13 3.18 0.1374 551.92 1.62 0.1509

F 5 AFEEEFEKET,300~800 nm Bl 43 A FORLAY S I8 K0

Table 5 Inverse data of unimodal narrow distribution particles with particle size in range of 300~800 nm at different noise levels

0.001 0.005 0.01
Method
PV /um PVE /% PSDRE PV /um PVE /% PSDRE PV /um PVE /%  PSDRE
Tikhonov 625.68 10.49 0.8385 625.68 10.49 0.8642 600.70 14.06 0.8355
TSVD 675.66 3.34 0.3446 675.66 3.34 0.5123 675.66 3.34 0.4853
WRIM 700.24 0.17 0.7835 700.32 0.19 0.7930 654.32 6.39 0.7657
TTWRIM 677.32 3.10 0.2374 676.31 3.25 0.2449 676.11 3.28 0.2743

#6 AR AER 100 nm~900 nm WL 5540 5 5k £ 1Y 8 B0l

Table 6 Inverse data of bimodal wide distribution particles with particle size in range of 100~900 nm at different noise levels

0.001 0.005 0.01
Method
PV /nm PVE /% PSDRE PV /nm PVE /% PSDRE PV /nm PVE /% PSDRE
180.91 7.23
Tikhonov 0.5853 —, —, 0.6973 — —, 0.7127
660.67 8.24
180.91 7.23 180.91 7.23 180.91 7.23
TSVD 0.4579 0.4267 0.5096
680.66 5.46 660.67 8.24 640.68 11.02
161.07 17.40 151.66 22.23
WRIM 0.4312 0.5531 — — 0.6251
739.39 2.69 665.43 7.58
183.86 5.72 203.48 4.34 216.09 10.81
TTWRIM 0.2349 0.2603 0.2487
696.91 3.21 702.67 2.41 712.39 1.06
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Table 7 Inverse data of bimodal narrow distribution particles with particle size in range of 100~900 nm

at different noise levels

Method 0.001 0.005 0.01
etho
PV /nm PVE /% PSDRE PV /nm PVE /% PSDRE PV /nm PVE /% PSDRE
160.92 10.97 120.94 16.60 120.94 16.60
Tikhonov 0.6708 0.7816 0.8369
780.61 7.62 980.51 16.04 960.52 13.67
140.93 2.81 140.93 2.81 140.93 2.81
TSVD 0.4965 0.4785 0.6049
800.60 5.26 820.59 2.89 800.60 5.26
125.45 13.49 125.84 13.22 126.11 13.03
WRIM 0.6177 0.6058 0.6228
797.75 5.59 824.60 2.41 844.03 0.12
155.54 7.26 146.17 0.8 147.11 1.45
TTWRIM 0.4020 0.4223 0.4160
813.60 3.71 817.81 3.22 839.12 0.70

MR B 4~7 JeZR 4~7 % L3 DU Ah Iy ik 0 R 5 SR AT A T

1) M PSDRE Y4 )& . TTWRIM Ay PSDRE # /), Tikhonov #J PSDRE &% &, WRIM, TSVD 4 T ¥ #
ZIE] . {HAHXT WRIM i & . TSVD #/0, X & i F WRIM &4~ F [al i # 5 — K T Tikhonov #4755 . Ifi
Tikhonov (BT TFHAE S 2. I TTWRIM %54 Tikhonov 5 TSVD ) & 7847 S 3, i LA PSDRE # /),
5 WRIM #H bb, X 7 506 58 | BRI AS  BU0G 58 N B0 7 O Fp 0K . TTWRIM A 4351 203 PSDRE 24 0.1138,
0.5481,0.3764,0.2157, 5 TSVD ALt , 7] 4 5 2k 3% PSDRE 4 0.1934.,0.2674,0.2609,0.1189, 4 Tikhonov
I, TTWRIM () PSDRE 235 5 K, 230 51 4 0.3850,0.6193,0.4640,0.4209, LA A4 £ W, TTWRIM Xt
BRSO B 43 A FIURL 1) B2 Y, 58 22 R0 I B

2) M PSD 1F- 18 1k £ B . B8R Tikhonov 1 PSD A I 77 45 — & B2 B 1 Y6 43 A , 15 2 H 7 1 4
B hF. WRIM #5728 T Tikhonov ML 5, I PEWARLE . TSVD /9 F ¥ P & 25, H PSD A7 BF 25 i 3B fl .
S TTWRIM 7E s R BEEZS 1) R AT TSVD 47 S AR i T X0 S i PSD 34T T 39 4b 31, 07 1
T R

3) I PVE B - B T K 3 3 ] B e o e 75 A 52 , Tikhonov WE{E AR 8 1 25, L PVE &K, 4
X WL 75 JURE (0.01) 1 ) 38, PVE 1] 35 16.6 %, AHX} F Tikhonov, WRIM ) PVE K ZH1E M T &5 5 A
[) 2 38 ) 3 L (H R MR 7S S 0L T, R R AN B3 . X Tikhonov Al WRIM, TSVD ¥ PVE K 2 U1 i &R
3 B I A -, AHFR T O A9 BE AL A8 R o 23 B AR 22 B0 B0, dn B0 2 J5RE (0.005) , TSVD ) PVE
3.34% 1 WRIM HA 0.17% H 24K 5 TSVD B PVE /M, #% T TSVD, TTWRIM i PVE k£ %k
15 DL AR 2 A A (R 72 B Y ol 58, R T L0 B L PRI S | XU B S WL A U AP R . . PVE R 2 AT 3,10,
0.24%.9.96 %6 .12.42 %0 - A XS T I AP A 7 5 i WY . UL, — R A, TTWRIM (9 4 92 22 5/

4) MBI 3 B RE J7 A FE - XL 43 BR BE 00 AT LA T A o s v AR 1 o 0L R S T Y fE R M . Tikhonov
A FER /IR (0.001) B, A B8 43 B H 56 25 AN [] 114) 15 b 00 06 S5, {HL S phy 2 38 918 [l 3 K, L PSD 19 WL
FROEAR W2 . WRIM X 78 UKL, X0 53 BF B8 01 84, AH X F Fa J00RE, JLEHE MR 5 KT 0.005 B AN BE S 38 1
XY PSD, X T 45 ki, TSVD A XU 2 BERE 115 WRIM M 22 A K. T 98 20 A ki, TSVD (4 XL 73
HERE A — & B R3S B A8 . TTWRIM 43 B8 77 5o, %F T P F 58 2 AN [ 09 JB0ORE , 78 = Fh g 75 R
HERE 43P W] G L PSD, H 5 AR W i B de el . UG, TTWRIM (1 XU 43 3 BE ) B it

ZEA LA LA Ar, AT LA S50 - AR BRI S S K ) R TS LN, SR AT Tikhonov, TSVD, WRIM LA
Ko TTWRIM P Fb 77 e SF00kE 647 5 i i, TTWRIM Jz 315 22 /N B0 T30 S WU 73 FE BE 7 B, — e i
WA R 22 B/ A AT T i

5 SIS YR By B A
i F§ Brookhaven SZ56 %% B 445 DLS LB . LK OB R P K N 632.8 nm AY He-Ne #56
AV A 90° R E R 25 C A o Aok . SEBG AU R A o SR R 20 FLIRS UKL L 43 51 R 300 nm HL
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1§ . 100~500 nmGG5R b 2y 1: 1) XIEWORL, 7EW) 16 I I B L1 nm, 2000 nm] N, 43 51 % B Tikhonov,
TSVD,WRIM #l TTWRIM X} 52 86 5045 647 I 8, /e 38 PSD R B4 an & 8 & 3% 8 s

0.18(a) ¢ —+— Tikhonov 0.15[ ¢ (b) —— Tikhonov
0.16 ——TSVD ——TSVD
: —>— WRIM —>— WRIM
0.14 —e— TTWRIM —e— TTWRIM
0.12 0.10
~ 0.10 )
£0.08 g
0.06 0.05 4
0.04 >
0.02} | \\ f
0 500 1000 1500 2000 0 500 1000 1500 2000

Particle size d /nm Particle size d /nm

8 R [ 44 52 4 UL 76 AR 7] S 381 7 7 K #9238 PSD. (a) 300 nms (b) 100~500 nm
Fig. 8 Inverse PSD of the experiment particles with different diameters using different methods.
(a) 300 nm; (b) 100~500 nm

MIE 8 Fe 3% 8 Al LIF . Tikhonov i F- ¥ M 4 . fH [ i PSD & A K4 4 \PVE fx K, 300nm FIE ik
F 14.86 % , 5Bk AR 0 A M 28K, ¥ L Tikhonov, TSVD, WRIM =#J7 %, TTWRIM i PVE /)N,
300 nm BAIEHUR HAT 0.18%,100~500 nm XUEHURL A 2.81 % , H I i PSD - 3 Pk 4 4f, 3 BE B 8 3t oy
B A0, 2 B XU 4> BERE 119 . AHXF Tikhonov, WRIM K TSVD B PVE ., X I& 43 3% 68 11 #5 4 A [7]
FEPBE A (A S TTWRIM, BIFN J5 3 803% ¥ A8 B 3%, B TSVD i PSD B M4 25 . Bk, s2 5
B 1 S T 25 AR IR T AT RIEE 1Y 258 .

228 N [RDRL AR S 90 U 7 R () S8 kTR I I SRR

Table 8 Inverse data of the experiment particles with different diameters using different methods

Tikhonov TSVD WRIM TTWRIM
Diameter /mm
PV /nm PVE /% PV /nm PVE /% PV /nm PVE /% PV /nm PVE /%
300 255.42 14.86 291.76 2.75 287.64 4.12 299.45 0.18
100~500 99.31 0.69 99.31 0.69 102.82 2.82 102.81 2.81

6 2% e

TE K B WRIM S — i 5 DLS B4 S i i 8 1 10 45 38 10 o 0 JH ol i g s R 0 e 250 9 ) 52
WS 2E . O T 4w WRIM 832 050 M K WU 43 B RE ) 3 2 X0 4% G2 (19 53 RUEE Tikhonov, TSVD iE Il 4k
#£ DLS S v i 1 F B 5845 H : Tikhonov SF- ¥ PE AT TSVD i R0 A2 15 22 | W6 8 152 22 5 /0 B0 1) 43 B g
FTMEFR e S H R, T LTS . 454 Tikhonov 5 TSVD £ H B9 & 43 3K B ATH T 22 R Bz v v i R
Fos ), 4R T —Fp TTWRIM £ R DLS i 5% . 76 0.001,0.005,0.01 = Fj g 75 5 5L R, 43 931
% H Tikhonov,TSVD,WRIM Fl TTWRIM PUFp J5 75 X RLALECE 647 T SO on A . 25 SR 3R W] FE B K I#)
R Y — i TTWRIM 2 5 22 fie /s (R 15 22 B/ B0 T V0 B8 77 B S0 43 B 8 1 B ik A 88 119
Wk PR R TSR R BEALPE AT AR I 23 A Ty i A S8 RS O B SR F , TTWRIM AR T H At
Tk o SEE OB Y SO L UE T AL B A58 . X TRAR 43 A R ) SO B L I F O R R
PR L,

& % x Wt
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