% 43% F THI/2023 £ 4 B/REER

ZBALIE

if(ﬁ’)]lﬁ%%@ﬁﬂﬁﬂé

R,

EX

VEE T RS R A SO i TR A B, BB IS 230009
PERE T R A I BT BE , B A S 230009

TE By BB SE A B AR R DT BE 02 22 55 BIURE PR SORIE bR RCA 56, 06 T J0 2k s B3 0 4 2 3 Al 2 U

55 AL

AR M 3 87 A [ HACAE P& 45 1) 3745 3R 20 A ML, Sy 0 B B RE 0% DT TS () Y BEOBRE IR 50, 4 ) T — Tl 6 T 2 B4 R K0 AR

RIULRCIT vk o WE5E T S HCIE eh b 9 918 B0 1R S A8
TR ELSEE AR, 207 LUE i X8 o6 502 B0 b 52 15 215 BIOSE RS G 150 19 e U0 ok 2R

SRS BN AR R UC AT 15 22 1 R ML o DRSS AR, X

PUHLBE 45 2~20 pixel (955 17

FBE G Ry ], 43 SIAE & 7 0 2R A2 B8 2 0. 1~0. 9 pixel 1Y 10 M 5, X i $2 D8 e 7 5 64T 1300k, Bk 25 SR R W] L b

Jri BE pR
PG EAT 1 35 AIE , TR A QLR B 1 Jr 42 DB T 7 756 ) A1 280HE

KgEE W WOt ZELE A WARRITH; fRE

RESES THS22 XERFRER A
1 5l B
B AR ORH e 1k v T 3 AR 0 BR R AL it £k

UG R R AR F VTR 25 5 HIOBE R DY pR B
AL, i T IS B0 B ek BAR ME IS N AN (] B
FZ 0 WAR 3R 43 A FLAE 5 BAR T B ) ) g, (H2: T
BFRVCIL R 22 5. i/ AR 3R DG BE ¢ 22, AT
F 5T 1 HC3E o A 0 AR 3R DL EC R 22 Y SR, BT
AN TR B LB R P SR AR o X T A R AUIE B
Newton-Raphson 3" 45 5@ & H 45 B 5 I B
¢ P GO H A S T BR 3T B8 IR B/ AR R
PERCiR 2 HIFEm E A . HET, X T RS
MAERBEWTARRICEEENPR, EA R
T—ﬂﬁg%%%iiﬁﬁfE‘J*%Eﬁ(iﬁﬁﬂ%[ SRR
Fse

j‘]ﬁ’%ﬂ%ﬂﬁf?%@@ﬂﬁlﬁjlﬁﬂ[@??@@ﬂiiﬁzrﬁlE]/‘J
X AEC A AR R VC Bk R g B A
SCHE T — M T 2 B eR B AR R DR BT
RITE I BR Kl e 33 45 HAs i R0 R R AE S8, i
Xf bR B SR AR E 5 B SRR 1R DT Y SR A
T BRI, A 22 BRI N AN [ HICBRE PR 0 AR 3R 0 A B
BEOR B 1 JC 2k AX iz B30 1 DS C IF ] 8 1) 4 A, SLRE R I
/N AR 2R I DL TG R 2%

Wi HE: 2022-09-22; &L BHEI: 2022-10-15; FABHI. 2022-10-21;

BORE AN TR] 13505 15 14 W7 A% 28 DG Bc 22 22 080/ 21 0. 001 pixel AN o &, % DIC Challenge $ £t i 52 bR 437 #2 1 BE

DOI: 10.3788/A0S221732

2 ZHAIE K%L

FL L g C G, ) B0 G AR Gk rh i B R R 48
FELLMEEEE — L E AR (ZNCC) bR BT ] 3R Y
SX3MAEREE, Hhi=—1,0,1f,j=—1,0,1.
P(Ax, Ay) R AR ZE VCBE 5, Ho Ax BT Ay i & 7 10] #1
y 5 IR W AR UL, bk Ab |Ax]<<0.5 H
‘Ay’<0.5a

C(-1,-1 C(0,-1 -
& ( J (0,-1) .C(l, D
C(-1,0) C(0,0) C(1,0)
—» L

© P(Ar,AY)

c-Ly | COD foany
© I ©
y

B 1 WARZE VL 3 X 3456 R %L

Fig. 1 33 correlation coefficient of sub-pixel matching

Jt $ 9 25 T 2 BRI R B0 AR 2R DB L7 3 S s
BT 3XS MR R B C(d, ) o it O 2 J7 ) 1 3 X1

MEEABE . 2022-11-04

EE£WMB: EEARFIE4(51305120) &1 E-A A Tl R F =k 51 5 98 450 H (J22019YDZJ0445)

BIEIEE:

“xucongyu@hfut.edu.cn;

“wangbiao@hfut.edu.cn

0712002-1


https://dx.doi.org/10.3788/AOS221732
mailto:E-mail:xucongyu@hfut.edu.cn
mailto:E-mail:xucongyu@hfut.edu.cn
mailto:E-mail:wangbiao@hfut.edu.cn
mailto:E-mail:wangbiao@hfut.edu.cn

$£43%5 FTH/2023 F£ 4 B/RFFR
*HIMM VALY 7 AL IX3 A6 R B(j), Horh 15 C (4, /) Z 810 = f JLAT 56 5 B 47 40 %, WU o J7 [0 g
i=—1,0,1Mj=—1,0,1. #LIE PR WAREIL  MCRBAG) K FER Ay 7 0046 R BB
Be & P (Ax, Ay) BT & o8 3 ff A b AR 35 P (Ax, Ay) FKiKA N

(14 Az)X C(—1,0) (14 ax)x C[—1,sign(Ay)]

A=1D)=(1—]ay])x =+ [ ay] % 9 (1)
/<1+Ax>2+(Ay)' //(1+Ax)2+<1*‘AyDA
A X C(0,0 Az | C[0, sign(A
A(O)Z(l ‘A )>< (\ x|+r> ( )+ Ay ><| x| [ sign ( y)], (2)
J(az)+ ) +(ay) Jeao) + (1| ay)
- ~ 1—Az)X C[1,sign(A
Ja =y +(ay) Ja—ner+(1-|ay))
(0, — 1+ Ay)X Clsign(Ax), — 1
B(_l):(l_‘AIDX(1+Ay)><c(0, '1)+\Ax|><( y)X Clsign(Az) | }’ (1)
(1+Ay)2+(Ax)z ,\/(1+Ay)2+(1—|A1'|)2
Ay|+17) X C(0,0) Ay | X C|sign(Ax),0
B(0)=(1—|ax|) X <‘ y| T> +\Ax|><‘ y| Lsign (az) J, (5)
Jay]+2) +(a2)’ Jay) +(1—ax))
- ) 1— Ay)X Clsign(Ax), 1
B(1)=(1—|ar|) % (1 Ay)XL(O,l)‘)_HAI’X( v)X Clsign(Az) ?J’ 6)
J(—Ay P+ (azr) (1—Ay)2+(1—|AID_
Ao ssign () HAF S5 RE, Y u= 0/ ,sign(u)=1, By(j)=B(j)— B X8, (8)
M2 u<< O, sign(u)=—1;78— MW /NEEE, AT R,
WHE o H R R R ER RS RGN, — XF (7)) A (8) HEAT AR 4, 3 0l 1 48 B A8 1 a
ML E N 0= 0. 00001, fEFFFME, (D~ Fng,.755)
A i Ay PR B /N RS B 4 B4 OB L B0 E A (D)= A% (1), (9)
+0.5000. & 2 2 & J5 18] Ay J5 1) G il SR A O & (=B}, (10)
i&g(l)*ﬂb’ )5 W AR F T B &S P(Ax, Ay) B R S AT Q@IE’J%Lﬁj‘J
T Az, ,= lAf‘”(l)*A“’”’(*l) ,i<j, (11)
| o > 2 A=A,
DYy =— B’fﬂ(l)_B”(_l) Li<j, (12)
B) S Bus ()= Boy ()]
A1) A(0) A A i o o \
5 - WA f< 1.1 > 0 Ml a, >0, LAl 52 (7) FIHK(8)
P(Ax,Ay) I AAE, DL R 28 (9) =l (10) HY B 5% 4 (H .
HF (1) ~06)F B9 Ax Al Ay J& KRB, T 25
e 3 XD A 12) AR EACAKX (1) ~(6) I T8
Ax F Ay, B0 (7)) ~(12) K i WA R VT ECAE , =W
M2 2Ty Jr SR IR AR R B AR B FAH N 1k, — B BEHEAT 26 A FF . 1R R0 (A 1%

Fig. 2 Correlation coefficients A(7) and B(]) after S Ar— 0 Ayzo

Xt I ) By 5 [ B2 R I i b A B 45 RO

decomposition in x and y directions

A Aw=min[ A1, AL AT B Buw= g Al q a7 BLEEE A 10 3 1 7 2 55— 46 40008 B
min[ B(—1), B(0), B(1)], W4 o AET AT T 7 1 JE B 25 O 4 S 46
Ay ()= A(i)— A X 8, (7) AR o FI AR B,

0712002-2



3 A% 2 VO i 25 18 5 LA
23 7 P L BB A R PR (A2 ) A

1% & 55 R SF SR 200 pixel X 200 pixel 8 BE 15 42 R 2~

20 pixel .a J5 [ B A 88 0. 1~0. 9 pixel AY = 1 50 5E

%433 % 7H/2023 F 4 B/RE2R
FE I DL R B R AE S BF 58 X &, BF 9T 2 5 1wl Y
T bR B 2 BOTE W/ A 3R DG TGE 35 22 A b 108 30 59 #1
Ao 13 R B R BB H AR 40 R 2.10.,20 pixel 975
Al B 115

B3 B A B 5 S BB 1% o (o) BUOBE A% A 2 pixel; (b) BUBE BL4% 0 10 pixel; (o) BUBE .12 4 20 pixel

Fig. 3
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Table 1  Verification results for speckle diameter of 2 pixel at a = 0.7212 and g = — 3.00 unit: pixel

A B C B—A C—A C—B
0.1 0.1002 .1002 0. 0002 0. 0002 0
0.2 0.2002 . 2005 0.0002 0. 0005 0.0003
0.3 0. 3000 . 3004 0 0. 0004 0. 0004
0.4 0.3999 . 3996 —0.0001 —0.0004 —0.0003
0.5 0.4996 . 4995 —0.0004 —0.0005 —0.0001
0.6 0. 5995 . 5997 —0.0005 —0.0003 0. 0002
0.7 0. 6994 .6991 —0.0006 —0.0009 —0.0003
0.8 0.7995 . 7993 —0. 0005 —0.0007 —0.0002
0.9 0.8997 . 8998 —0.0003 —0.0002 0. 0001
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Table 2 Verification results for speckle diameter of 10 pixel at @ = 0.5072 and = —0.08 unit: pixel

A B C B—A C—A C—B

0.1 0. 1000 0. 1000 0 0 0

0.2 0. 2001 0. 2000 0. 0001 0 —0.0001

0.3 0. 3000 0. 3003 0 0. 0003 0. 0003

0.4 0. 4000 0.4005 0 0. 0005 0. 0005

0.5 0.4999 0.4999 —0.0001 —0.0001 0

0.6 0. 6002 0.5998 0.0002 —0.0002 —0.0004

0.7 0.7001 0. 7000 0. 0001 0 —0.0001

0.8 0. 8002 0. 8002 0. 0002 0. 0002 0

0.9 0.9001 0.9002 0.0001 0. 0002 0. 0001

F3 MYa=0.4871.0=—0.08 i, BB ELAE R 20 pixel B 56 F 285 S
Table 3 Verification results for speckle diameter of 20 pixel at @ = 0.4871 and /= —0.08 unit: pixel

A B C B—A C—A C—-B

0.1 0.1002 0.1002 0.0002 0.0002 0

0.2 0. 2000 0.1997 0 —0.0003 —0.0003

0.3 0.2999 0.2999 —0.0001 —0.0001 0

0.4 0. 3999 0.4002 —0.0001 0.0002 0. 0003

0.5 0.5002 0. 5003 0.0002 0.0003 0. 0001

0.6 0. 5999 0. 5996 —0.0001 —0.0004 —0.0003

0.7 0.6998 0.6999 —0.0002 —0.0001 0. 0001

0.8 0.7998 0. 8001 —0.0002 0. 0001 0. 0003

0.9 0. 8995 0. 8995 —0.0005 —0.0005 0

KA HORE RS R B RO O
Table 4 Influence of speckle diameter on shape function parameters
Diameter / _
pixel 2 3 4 5 6 7 8 9 10 15 20
@ 0.7212  0.5882  0.5467  0.5285 0.5188 0.5114  0.5069  0.5039 0.5072  0.4914  0.4871
B —3.00 —0.45 —0.25 —0.15 —0.10 —0.10 —0.10 —0.08 —0.08 —0.08 —0.08

0 /pixel  <C0.001 <C0.001 <C0.001 <<0.001 <C0.001 <C0.001 <C0.001 <C0.001 <<0.001 <<0.001 <<0.001
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Fig. 7 Influence of speckle diameter on shape function Fig. 8 Influence of speckle diameter on shape function
parameter a parameter /2

R4 TAE ST LA, MBI ERRNT 45 schras s B e mRniE

6 pixel I, HLEE ELAR XS TE bR B S B o R 3 11 52 1 TF 4 0 4 9 % DIC Challenge 2 £ 11 52 b7 3 B BLBE & 1%,
55, 5 0l 2k T I F 5E SEKE S 0. 00084 pixel, B ilF &4 £ 5

0712002-5



& 43 % 7 H1/2023 4 4 B /R

B HZNCC, br & Ja B R B S B0 a = 0. 6152 i
B=—0.50, 5 UFFHE W% 5 s o FER 55—
J G E IS AE , D, R T B SR B T B A R (R
BT NEUS R 4400) D, R BT DR 2545 1E T ) 45 A,
E\ R T Bl DR 22 46 1 (1R 2208, E, i B DU 2248 1E 5
MR 25 1H , e Ja — 5 N B E 45 R .

i T DIC Challenge 48 it i) 55 B f37 # HiCBE (&1 it H
) B 5 A7 2% B R 2 A7 R BT DL IR 2210 R 2 {E oK T

K19 DIC Challenge $2 (1 512 b {57 B i 5 & 15

Y55 32 WL R AR, 1 I B 6 A 25 % Bl DL 5 25 AT
& TF 3 BB D13 2548 0F RN £y = 0. 987, M D, =
Dy X ko Zo3b Bl DR 2248 1F J5 1900 A 5 45 2 (A 1Y)
ZE/NF 0. 001 pixels

5 4 1w

JIT 5 1 S A% 28 DT 7 3% 38 3 X sR AL S B A
oK 18 I BE ARG AR 2R A A, DT AR B OB 5
VT e 14 JE oR B, (45 37 15 28 DC IC 152 25 Kig s/ . th F
T2 R 5 85 S B 9 AN FH 5 2 004 Jn s 3fe B F 48 21
B LR ZF 6 IR SR T A, B 15 & L R s
[B) 7 B G AR ST F R il DL Z S AR T . 5k RE
SR T R T R LA R AR AR, T OR R B AR
I HLCBE S, 2 5000 T8 oR B0 AR 2 DS BE 12k 38 3 A
JE HBHE R4S Lh 3 BAR A AR 2R DT FCAS B X 2 H AT Rk
1 I 2 00 v X DA AR Y o 6 AR ) 4
54 %188 8 /Y Newton-Raphson % 45 [ 8¢, BT #8 5 ¢
A ] by % 2 DT RS B, IF HL A DT B[R] 1)
P SEm NS & H TAELMBN G, SR, B4R
) 2t 585 v, I A — B ) T A e, B RR AR TR
AR SAE TR B AR RCHLBE B AR AR A X IE eR R 5 e RS K

Fig. 9 Actual displacement speckle image provided by DIC
Challenge B 1 B A E 5 )
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Table 5 Verification data of DIC Challenge displacement speckle image at « = 0.6152 and = —0.50 unit: pixel
Stage position D, D, E, E, Verification
0.100187 0.1015 0.100181 0.001313 —0.000006 <<0. 001
0.200375 0.2022 0.199571 0.001825 —0. 000804 0. 001
0. 300568 0. 3037 0.299752 0.003132 —0.000816 <20.001
0. 400753 0. 4059 0.400623 0.005147 —0.000130 <20.001
0. 500938 0. 5068 0.500212 0. 005862 —0.000726 <<0. 001
0.601122 0. 6084 0. 600491 0.007278 —0.000631 <<0. 001
0.701314 0.7112 0.701954 0. 009886 0. 000640 <0. 001
0. 801506 0. 8127 0.802135 0.011194 0. 000629 <20.001
0.901692 0.9138 0.901921 0.012108 0. 000229 <20.001
1.001879 1.0156 1.002397 0.013721 0.000518 <<0. 001
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Abstract

Objective

In digital image correlation methods, the sub-pixel matching error is related to the speckle image and shape

function. For the gradient algorithm and curve fitting algorithm without iterative operation, the shape function is difficult to

adapt to the sub-pixel distribution law of different speckle images. Although the calculation time is short, the sub-pixel

matching error is large. For the Newton-Raphson algorithm with an iterative operation, the sub-pixel matching error can

be greatly reduced through the infinite approximation of the target image to the original image or the original image to the

target image, but the calculation is time-consuming. Generally, in the displacement range of 0. 1-0. 9 pixel, the sub-pixel

error is mainly S-shaped, and the S-shaped error is related to the image speckle diameter. The S-shaped error is much

more different for different speckle diameters. In the field of displacement measurement, the speckle image is fixed and

determined, and how to select an appropriate shape function matching the known speckle image to shorten the sub-pixel

matching time and improve the sub-pixel matching accuracy has become the focus of this paper.
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Methods In order to reduce sub-pixel matching error, this paper proposes a sub-pixel matching method based on

parameterized shape function with an exponential variable and background variable, and the core of the method is to
decompose the 3X 3 correlation coefficient C(7, j) into the 3X 1 correlation coefficient A(i) in the x direction and the 1X3
correlation coefficient B(j) in the y direction. Specifically, 7 and j vary in the set of — 1, 0, and 1, and then the 3X1
correlation coefficient A(i) and the 1X3 correlation coefficient B(j) with the exponential variable and background variable
are weighted. In the paper, the difference between the absolute displacement and the sum of relative displacement is
defined as a sub-pixel matching error, which includes linear and S-shaped errors. The shape function parameters are
calibrated by using different regulation rules of the shape function parameters of the exponential variable and background
variable on the sub-pixel matching error so that the proposed method features short sub-pixel matching time and small

matching error.

Results and Discussions The experiment takes the Gaussian speckle pattern with a speckle diameter of 2 pixel, 10 pixel,
and 20 pixel as an example, and 10 images with the displacement of 0.1-0.9 pixel in the x direction are generated
respectively. The regulation rule of the shape function parameters on the sub-pixel matching error is experimentally
studied. The research results show that the exponential variable of the shape function parameter has the primary regulation
function to change the slope of the linear error and the secondary regulation function to change the direction of the S-shaped
error (Fig. 4). The background variable of the shape function parameter has the primary regulation function to change the
direction of the S-shaped error and the secondary regulation function to change the slope of the linear error (Fig. 5). Under
the coordinated regulation of shape function parameters, the sub-pixel matching error of the above speckle image is less
than 0. 001 pixel (Table 1, Table 2, and Table 3). At the same time, the influence of the speckle diameter of the speckle
image from 2 pixel to 20 pixel on the shape function parameters is studied (Table 4, Fig. 7, and Fig. 8). It is found that
when the speckle diameter is greater than 6 pixel, the influence of the speckle diameter on the shape function parameters
becomes weak, and the influence curve becomes flat, which also lays a good foundation for applying the method in the field
of deformation measurement. Finally, according to the actual displacement speckle image provided by DIC Challenge, the

proposed method is verified (Table 5).

Conclusions The sub-pixel matching method described in this paper makes the shape function approximate to the sub-
pixel distribution law of the speckle image by calibrating the shape function parameters to obtain the optimal shape function
and greatly reduces the sub-pixel matching error. Since the shape function calculation only involves the addition,
subtraction, multiplication, division, and exponential operation of nine correlation coefficients, as well as no more than six
cycles of calculation, the sub-pixel matching time can be ignored in the digital image correlation calculation. Compared
with the gradient algorithm and curve fitting algorithm without iterative operation, the sub-pixel matching method of
parameterized shape function can obtain ideal sub-pixel matching accuracy for speckle images with different speckle
diameters, which cannot be achieved by gradient algorithm and curve fitting algorithm. Compared with the Newton-
Raphson algorithm with the iterative operation, the proposed method has comparable sub-pixel matching accuracy in the
field of displacement measurement and is more suitable for online displacement measurement due to the short matching
time. However, in the field of deformation measurement, there are still some problems to be solved and further studied,
such as the influence of the equivalent speckle diameter change of speckle image under deformation conditions on the shape

function, as well as the dynamic calibration for shape function parameters.

Key words measurement; speckle; parametrized shape function; sub-pixel matching; calibration
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