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Fig. 1 Speckle patterns utilized for numerical simulations (there patterns are the same as that in Ref. [16]
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Fig.5 (left) mean bias errors using cubic B-spline; (right) mean bias errors using quintic B-spline.

From top to bottom, mean bias errors corresponding to radii 1.5, 2.0, and 3. 0 respectively.
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Fig. 6 The position dependence of SSSIG caused by interpolation.
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(d) SSSIG kernels corresponding to various interpolation algorithms
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Fig. 7 (Left) noise-induced biases using cubic B-spline; (Right) noise-induced biases using quintic B-spline.
From left to bottom. noise-induced biases corresponding to radii 1. 5. 2.0, and 3. 0 respectively.
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Fig. 9 The experimental verification of the coupling of interpolation and noise. From left to right, different speckle

radii with diameters 4 pixels, 6 pixels, and 8 pixels respectively. From top to bottom: correlation subset, image

noise, systematic errors with and without noise, the experimental and theoretical results of noise-induced bias.



55 4 I3 B A - BT RGO OC B W 75 R B R UR 28 I B SO R ST s o 709

IEARSG . R AT b BORE 2% 3CUHE )™ 21 45 0 W8 75 AN ] A 95 00 o R AR T AL i v ) 9 55 7

ECu) &~ Csin2nu, + ®Cuy) ?2 ,
M

N M M
e— EZf(m,n)/MN, 72 = Ez‘fu(m,n)/MN

Hor MR IN 23 502 77 DX o5 2 0 58 88 o it T 2 R 05 22 o BRI 5 22 0 T
SR A 2 A [ AR BIL T EL B5CE 69 o 25 e — S B9, BT LA B e A B AR AR ] (5 2)

o7 R A SC SR T SSD NN L0 B IR s AE ] im0 A i, AL R B RO R RE . TS
B AN 5l A RGERZE BN 2 25 R AT 2 100 0 BE B 897 34, 0T LA 2 2% 18R 77 7 1
P ANSCHRE28 T B 7+ B 2R 37 (L Py T X0 7 94 47 £ i 22 AR /0N o T LA 5 52 80 B S50 R 75 140532 W) 0T 7
St R Y Keys FR{E 53 15, Keys i 5 5035 X 107 A9 176 {1 3% o6 250h

A

am

%\Iw—%\xw+1 0<] x|<1
Pl =L S 2~ x4z 1<]z]<2 (20)
0 2 <| x|
PapIg:
By (1) = Lz 622 — 2125+ 204 155 21)

2 2%
Kl 9(a3) (b3) (e3) yn T A Me s F TG 75 1 D0 N A9 2 15 22 . /N 1 HICBE 00 5L A 5 R A 4 18 I 22
HEPIEFRE N E R, MEFSIARFEIRZT /N, B 9Gad) (D) () BARTHFSIAMARIREN L
55 BIS A THE . 7T LAE 21 & 0 ey . i BT DL 3 L 7F 28 B 28 5945 B0 /0N 04 1lBE 0k i T
ELA BB K BE R BT A MO AR 7S g 758 . DUTIT IR PR 5] A R SR 25 N
2 T HUEE IR 0 MRS RR BE R BESF- 5 3

Tab. 2 Noise and mean of square of gradients of experimental speckle images

BT kL 7 "
/N 3.4053 1152.9
h 3.4175 983. 37
K 3.3956 809. 38

2 HHBREREM IR

2.1 BHREITFMIRE

HTH A AR08 1A M AL 1 RG22 BHLIR 2 M AE R C R LB LR 6 B B R G iR 22 M
Bifi AL 15 22 1T DAAS B0 80 MG A D& 1330 15R 22 B9 AN 11 1 B3R 22 1T LA 39 77 1% 2% (mean square error) MSE
EL TN

mse(0) = Var(0) + [E0— 0) ] (22)
BT 22 0t AR e e 25 M BE ML 22 1Y 7T A1,

IR Z SR PRt 2 — PO B R P 2 8, B0 B AH 40 I8 rh AT B BICRE o 3P40 2 80
THEA HU T MR P RN TS 58 3 L AR S G BUE AR OR R IX s AN SOR 2 R O
PR = BAE SR 3005 =S LI E 2 65 %6, 72 [ —50, 50 JAY X [H) I 43 i) A= ik 422 1.0, 1.5,
2.0, 2.5, 3.0 My —ZE @ BB, ZE M [ — 60,604t 121 A G/E AT BIMR . B IG5 5 #1775
A — RG-S B TR AR R AL B A INARE 22 0. 01 Ay 07 MR A5 Gl AH AL B M L 292 1940,
SR 5 /N1 T R R D B A A S THARE 10 T IR RS R G iR 22 FBEAL IR 22, 8 10 () (b) 73 5 s 135
1R Ge iR 2= MIBENLIR 22 .



710 oK h % (2017 4F) 45 32 4%

O
=
g

= _'0000¢o.,.,.¢.o.00400
0.02 - ] 1 - R1.0 0.005
o * R15 2
= L] A& R20 7]
g d . v R25 éooom',""""""""'Y'
= % + R3.0 g =—R10
=] -* e w = A A A A b A Apgdadbidbbsbbd o RIS
£ ] +et403 g 2
. 000 * "‘13!::::*2" F =R
2 N0 g o o® 2 0.003+ * R25
-] " - g ....-"'.n|l.-C"'.'. ¢+ R3.0
$ 5
L] -
w & “ 00021 " __-"
-0.024 g --.-.-.-..-
0.0 0.5 1.0 0.0 0.5 1.0
Displacement (pixel) Displacement (pixel)
(c) (d)
8
c
o = R1.0 8 -
. * R15 B 50 - "
-
0.024 Hd 4 R2.0 Ny g - - R10O L]
. v R25 5 - =
5 ‘RGDI e - *—R1.5 n
2 $ : " £ o 4 R20 o
= . . — 204 v R25
g 2 + R3O
b= ]
‘2‘;0_014 .f s e e 080 e
5 [ . . L] o e s e s b o B -
= 2104
et BP0 s 4000 es bt tgesie g R T e T e e
;‘lxllli]; i;illll!‘: F |[vvrvrvrry TYYYYTYYYYYYYTYY
 { ! ] G Lo S o o o S S S O O D S S B o S S o o o
0.001 ; ; E ol ; .
0.0 05 1.0 @ 00 0.5 1.0
Displacement (pixel) Displacement (pixel)

K10 BRBERAEN ., (ORGEIRE; (WBEPLIRZE; (MR (DRI Al
Fig. 10  The influence of speckle radius. (a)mean bias errors;
(b) standard deviation errors; (c) total errors; (d) SSSIG

B 10Ce) R T A [A) HBE 42 % 7 A9 AR 22 L & 10 (d) W2 1 XK J32 86 J32 57 05 1 i 7 % & 19 A8 1k
AT DL B 0 T2 48 100 09— 2R, 4 1 0 22 82 32 4R T , Bl 36 00 J0RE /) 185 K L K B2 A6 B i /s
L0CA Frzm ) o B GR 22 J /)N 5 24 HICHE UKL 1% Ok 21 — 7 2 L 4 22 39 R RS 2 i R B iR 22, 1K 2
T M ISP A (L e 2 AN S TR AR T L SN 2 52 S R S Y S TG O 2 R R B /I DA T A
Nk P BB 7 55 o AT 2 B AR 2 1 R 25 | e SR 22 i 3G K, WS BT 10 (o) BBE ORI AR TE 1.5~2.5
22 [] 2 PE A 0 e 5 AL A 2 X I BRE AR 3~5 MR .

25 A HRORE 5T D AR AR BT 2 S O RE R A OC L SEBR b W T A AR A S I . B SR RO
JEE 8 B ST J RO DR TSR U ek /[ B R Aol Sy R K W B S L R B AR 1L 0
PRI B AN S IF 1 e, LB OB AR F /NI m RO AR 22 A (B 1R 22 1 B2 R ORI

R 22 2 AR FR A7 B 1Y) R RS 3 e 22 o v ot e T BB IR R O 45 B ARR T L B T AR GE — P
SR, AR SCHR P AR PE M AR R 22 1 S 8

V? = max(mse(w,)) (23)
Vi = mean(mse(u,))

WK IPEMARUE Vo BBEEAR 2.5 02 R AF A T8O I (HR 242 1.5 BB AR R A Je KAE I T K
(B WA AR A S A2y 2.5 W R — 250, B LAA SO ] 7R JH PP bn o Vi .
2.2 HMRREBWREITFENFE

BRBEBT f PR 280V AVl A DGR T B BRI R A SR AT UM A T A 5 TR
BUOBE I 1 PR . W6 52, Wang 607 8 2 el AR A 19 T AR AN 1 5 LR A Bl AL 3% 22 , BT RAAR SC 32 B2 4%
&G iRZE . W T ARSI ARG RENEOT 040 R B AR CHEN] IR A AR 5l AR R S8
DR 22T AT DIAREE A s COMGTE R GEIR 22 . X TR F e /N 07 B B o U A 1 000 o 2R 40 % 22 J 4 1 i 22
FE P 5N R G I 22 09 3 [ 45 2R A (8 22 Al T E  Z T SCRE @ AT 1 TR AN 1 ae , O B [a) A2 R
WA S A M RG R E ., TR Keys iS4 E G EEE, HELRBEA MG



55 4 I3 B A - BT RGO OC B W 75 R B R UR 28 I B SO R ST s o 711

3 BT & il BA7 G 20, AT LR 0K, AR (E ROR B4 9 B-AE 2 F O-MOMS 5305k 4 — i
RV (A 5 HOAm B R BOTC IR Y 8 R AR R PGB, AR 7 () 7T LR BRI ) B T 1E
5% 78 A o AT AT P AR B 2 T R AR (R R S R, BT 11 () R TR B B R B
ZRA BRI B @ 2o) LA K 6T I B4 i = b L Jee I AT D AR B A R i L 2 8 T AR G A A e AR
D(x),

(a) | (b)

——BSpline3 : d(x) —=—DICV,
0.4 ----BSpline3: N =1 -e-DICV,
g ggp?neg ; m =§ --+#-- Prediction V|
- BSpline3 : N = 0024 ¢ o+ Pratiiction \
~-- - BSpline5 : ®(x) \ MR
<o BSpline5 : N = 1 | -4 |nterpolation bias
BSpline5:N=2 = Y r Noise-induced bias
b [:F] L A s
= |y N\l BSpline5: N=3| X v <— Bias
£ 0.0 =P S \ -+ Random error
¥ ; S 0.01-
— — BSpline7 : d(x) w
BSpline7 : N =1
BSpline7 :N=2
BSpline7 : N =3 —
041 . = SR : :
0.0 0.5 1.0 1 2 3
X Radius (pixel)

11 Ca) e {E R 75 1 R SR 8 R it R BRUR T 5 () BLi 0 DIC 5 1T 241
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(b) the assessment parameters by DIC and by theoretical estimations
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Noise-Induced Bias and Evaluation Criterion of
Speckle Quality in Digital Image Correlation

SU Yong, ZHANG Qing-chuan
(Department of Modern Mechanics, University of Science and Technology of China, Hefei 230027, China)

Abstract: In digital image correlation (DIC), the evaluation criteria of speckle quality should
comprehensively consider the effect of systematical error and effect of random error. Our previous
works consider the systematical error caused by interpolation under no image noise condition. In this
paper, the systematical error produced by image noise is studied further, and improved speckle quality
evaluation parameters are put forward by taking into account the random error. In this paper, an
analytical form of systematical error in the presence of noise is derived, and the intrinsic nature of
systematical error introduced by noise is revealed, that is the dependence of interpolation-induced
noise uncertainty on the sub-pixel location. According to theoretical analysis, the concept of
interpolating noise coupling function is introduced. It is determined by the slope of translation square
sum of interpolation basis function, which characterizes the variation of niose-induced systematical
error along with the sub-pixel position change. The interpolated coupling function incorporates
previous study achievement into a unified theoretical system, the phenomenon of noise-induced smaller
systimatical error which is corresponding to the higher order B-spline interpolation is also explained.
The numerical simulation is consistent with the theoretical analysis in this paper. In real experimental
verification of sub-pixel translation, the formula is extended to the case of nonuniform noise, and the
results are in good agreement with the experimental results. Based on the theoretical analysis of
systematical error, and considering the effect of systematical error and random error, two evaluation
parameters of calculation error are proposed, that are the maximum total error and square mean error.
A fast estimation algorithm is proposed and validated by numerical simulation. Calculation of error
evaluation parameter is actually also a kind of speckle quality evaluation parameter. The proposed
evaluation parameters make up the defects, that is in existing speckle quality evaluation parameters,
the influence of interpolation is not considered sufficiently. It is a more perfect standard for speckle
quality evaluation. In this paper, some common speckle patterns are evaluated by the newly proposed
speckle evaluation parameters, and are applied to the optimization of simulated speckle patterns.

Keywords: digital image correlation; speckle pattern assessment; noise-induced bias



