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A surface deformation measurement method based on reprojection and 3D-DIC

Zheng Hao' ,Duan Fajie' ,Bai Zibo',Niu Guangyue', Liang Chunjiang”

(1. State Key Laboratory of Precision Measurement Technology and Instruments, Tianjin University, Tianjin 300072, China;
2. Smartmens ( Tianjin) Science and Technology Lid, Tianjin 300000, China)

Abstract : The traditional binocular stereo vision measurement is based on stereo rectification for 3D reconstruction. The measurement
accuracy is greatly influenced by the calibration parameter accuracy, interpolation accuracy and binocular sensor structure. When
measuring the deformation of surface, especially large curvature ROI, the stereo rectification process could cause the loss or over-fitting
of the non-uniform deformation information in the stereoscopic image pairs, which further affects the measurement accuracy. To address
this issue, a high-precision stereo matching method is proposed based on reprojection and 3D-DIC, which is suitable for surface
deformation measurement without stereo rectification or epi-polar geometric constraint correction. Meanwhile, this method can also be
extended to high-precision matching of time series image pairs containing non-uniform deformation. Specifically, this article proposes the
estimation method of second-order deformation parameters, the growth matching strategy of second-order deformation parameters, and the
global stereo matching strategy and the time series matching strategy. Furthermore, the 3D reconstruction method of feature points
independent of stereo rectification and epi-polar correction, and the calculation method of global deformation field and local strain field
are given. Experiments show that proposed method can achieve high precision deformation measurement of a curved surface, and the
measuring system can achieve an average measurement error of less than 1 pwm in a certain depth of field.
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(b) Stereo image pairs of
curved surface’s ROI captured
by binocular camera system

(a) Stereo image pairs of plane
surface’s ROI captured by
binocular camera system
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WA

PLs=0.001 6 B i %54 A 4], BB b7 i A 8 2 -
it 5 FEIE R PIMEIR Z BRI 2 s, ETR2 UK
oA s RSB0 A9 52D 7~ A R B . SIFT Jay B4y
TEFEBURH T SURF Sk X HE 385 A8 T A5 0 4 (1) 38 o7 g
J7 3 DRI ZRRAE ST AR T S 800 Sk L R SR
S IS IV B8 T 5 AR SCHR M A B R SR M e iE—
AR X IR 2 RHE SR AR S EE X R 51 2B 1Y
IENE ) s Bk 5 AR T R AR SCER Y 2 FRARTE
AAGTE AR S EO0E F g

A —$E 1 R, LB UF, B T SIFT_REGION _
MULTI_PTS J7i%4E s=0. 001 9 il s=0. 002 0 B335 H 3
PR R, LR 5 5 vA7E s=0.001 0~0.002 0 iX —
X (B P AR A T e Y e FH T B 1C-GN 389k 7
AN ) F DX ICSK, 1523 T AR B O B S B g FH i >R 2E B¢
&G PMEAE TR
3.4 EFEHEA—UR/NFEFAEBHXRZRHESEM
ZB IC-GN B9 F s £ K T AL SR B AT AT 1 R E S0 36

A B 11 HASTE B R B 2.3 1 rik Sk T
(VA — Al /INF- 07 BB B8R G R 8505 ) BN Z B Wl A% 3 1
Fib 7 s A K AE I IC-GN Ak il i Al A7

ARITES F R Lo LT S 7E (50, 50), 9
200 pixels, 75 400 pixels FYFEIE ROL, i 5+ F ¥ 1
— bt/ N BB AR DG R T 10 AL B 1C-GN Al 55
ARG 11 AT EURS AT AHOCIC L , a2 SCRPF o5 A K25
KR5 pixels, AL T X K /N R 41 pixelsx41 pixels,
WA 2 3 W =¥k B BE S 4 {8, b 7 A I 1
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Fx2 MFREMERERVEMTRELTE(s=0.00106)

Table 2 Data of seed point location information and initial value estimation error

PR R 22 K

PR EH (Au,Av,Au, ,Au,, (if exixts) )

ity 5 AL bR ARIE s AR

SIFT_REGION_MULTI_PTS (71.025, 328.580) (79.281, 328.580) (0.196, 0.001, —0.045)

SURF_REGION_MULTI_PTS (25.431, 202.025) (26.548, 201.942) (0.082, -0.083, -0.005)

SURF_SINGLE_PT (14. 868, 184.240) (15.035, 184.129) (-0.187, -0.111, -0.048)

SIFT_REGION_ REP_MULTI_PTS (86.778, 331.504) (98.807, 331.550) (-0.020, 0.046, —0.001, —1.101x107°)

SURF_REGION_ REP_MULTI_PTS (27.470, 299.930) (28.690, 299.918) (0.012, -0.012, 0.005, 4.237x107*)

¥ H SIFT_REGION _ REP _MULTI_PTS 75 ¥, i H] 3¢
B[ 42] R RTIASE TR IE I — b /N BB A o6 R
B WY 1 IC-GN Iy AE Ry X IS5 WA Oy 75 1
AAF AR LR 55

11 ZH MG A F- 35 ZNSSD R4, 3Rt iR 22, 7 X
SEEIEARRE AN R 3 R 2R 3 BdER AR S ETFIX
SROGERZK L FM T, T EFHMHE IR — /NI iR

B R B S0 A T 1C-GN BYFh1~ 5 4 KSR g REAE A
UG X P9 BORS 55 vm 0) DC RS B2, 7F s = 0..001 0 ~
0.002 0 X [a] PN, ZSJE DT FCAE BE A T 0. 005 pixels, 76 4 Hi+
XA/NT, T WAETE VL e iR 22 8 JE A0 S R ECRE , —Br
I1C-GN B3k H—Bi IC-GN SykAR A 38 i AR 3, S0 a2

AR 1A SCRE A TR E I — e/ NP7 R AR DG
FECT A 1C-GN BT s A K VRS IEZ ATTA

R3 ETHFIERKN—H . ZH IC-GN HEEMILER
Table 3 Test results of 1" and 2" order IC-GN algorithm based on seed point growth

VLR IR 2 (Pixel ) 44 ZNSSD Z# %L SRS
’ 1 B 1C-GN 2 B IC-GN 1 B IC-GN 2 By 1C-GN 1 By 1C-GN 2 B IC-GN
0.001 0 0.140 5 0.004 5 0. 007 145 0. 000 956 3. 495 2. 626
0.001 1 0.154 8 0.004 6 0. 007 982 0. 000 884 3.498 2.622
0.001 2 0.168 5 0.004 3 0. 008 794 0. 000 825 3.498 2.528
0.001 3 0.1812 0.004 7 0. 009 790 0. 000 723 3.547 2.540
0.001 4 0.197 3 0.004 2 0. 010 860 0. 000 679 3.587 2.559
0.001 5 0.208 2 0.004 7 0.011 861 0. 000 642 3.612 2.575
0.001 6 0.223 4 0.004 0 0.012 725 0. 000 536 3.596 2.510
0.001 7 0.2380 0.003 6 0.013 944 0. 000 552 3. 665 2.542
0.001 8 0.2525 0.003 6 0.014 901 0. 000 507 3. 665 2.520
0.001 9 0.265 3 0.003 7 0. 017 464 0. 000 590 3.624 2.535
0.002 0 0.279 3 0.003 7 0.018 661 0. 000 489 3. 640 2.540

4 HEYEESELECERERIGLN

SCHY R 2 Al BE MV-CS020-10GM AH #L #5 Bt
12 mm HF1224M-10MP %33k LA K [ 478 119 T2 21 Al 3L
HARHLIN & R G, AL HER A 1 624 pixelsx1 240 pixels,
BAMEZERGT 4.5 pmx4. 5 wm,

MH RGE N S S8 br R SCk [ 37 ] B id br s 7

5, R T AR 25 45 w5 A B 2 T 7 % ) 1 1 7 =X 5
X 0 2R G5 1Y R R B2 N A S BRI 2 8 T 6 % vk
FH Zolix KA50 454 MC600 #5 i #5% 7= 4E | fdi FH| Attocube
1DS3010 P A HE AT = K B 1 5 1) 25 16 57 A% D
P B ARSI ERG EEOL T 1 o, B B S T 6 A% 3k
LEEWAE 11 s,

WH I R GRS E I R ZE N 0. 027 pixels, br
ESRANE 4 PR,

KZAH RGN —AFRFREAR 15 em B9 58 F1 44
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T 7K BTy A B BRI, F3h i 1 L8 T 1, R
TRIE BT XU H R W s XU H RS 07 mF 3,

ZEATAABLR A B B O R AT 0 8 0 . 5 % TRl R 8 id
KM AR RR AR VA —ALARBE, &l 12 PR,

R 2. 4 715 T 21 B AR T B 4 A IE A S A DT i
L5y DT JE 3¢ W B AT 47 PR A R AR DL I, 35 AR B

VAT 12 i B R X062 2% GO0 Ja SEIEH O
ARG UG  F BR IR S A6 iy A R AT A4S H A

Fig. 11  Binocular system calibration and off surface AR TR U, Vv, W, 1T, Bk, B EAE
displacement test device HYARIE G 05 B A0 9500 & 1 B 1) 457 B8 45 2 AT L
*4 NBRGHRESH
Table 4 Calibration parameters of binocular system
ZEAHAL ey i LN
2 726. 461 -0.815 785.674 2 705. 695 0.612 767. 446
RIS S 0 2718.648 639.287 0 2712.912 637.559
0 0 1 0 0 1
0.860 -0.002 0.510 -128.214
SIS HR R=| 0.003 0.999 -0.001 T=| -0.045
-0.510 0.002 0.860 35.303

(b) HFINLSH BB

(b) Deformation image

K12 AP R 2% K

Fig. 12 Cylinder speckle reference image of left and right camera

(a) ZEHINLSH BB

(a) Reference image

TEAS I AHE A ROI X1, (500 pixelsx500 pixels , % &5
T WEIRLR (IR R ) e 22, T R 45 Al A SO
IR TR AIE B /D S A R AL R B
S SCHR [ 43 ] i TR A B RS I AL
Bl Xt

WS 5 PR e AT B R BEE AL R R A% 5l
TR T RS 1 A, = b 78 00 i Bk 0 e ) - 1y
BRIEFIAREZE B A T E2 T B SR AR — By, R 220
PTHFFARUE RGEA L 1 W 3RR M DXL E Z 48 0 kG
JE 52 I i TR LA RS TR BRI 7 ] — 00 % B A DE i
FEEEAAET vl DI AR SCRT I B9 A8 T R 2 B TE Y
/N T IRIE VTR B AL B I B DR 2E bR 22 B

x5 WHZHEEFZESGIELEMBIENEIREZHIE
Table 5 Error data of two 3D reconstruction methods for

continuous non-coplanar displacement experiment

measurement. AL . mm
R #m%iiiggﬁﬁ% WAL AR
o FRZE WEAAEZE OFHRE WiEbaifEE
1.000 957 -0.000 760  0.002 854  -0.000 762  0.002 852
2.002 261 -0.000959 0.002912 -0.000963 0.002 913
3.002 215 -0.002 499 0.002 922 -0.002 507 0.002 921
4.001 415 -0.002 682 0.003 339 -0.002 691 0.003 345
5.003 102 -0.004 067 0.003 658 -0.004 075 0.003 656
6.003 445 -0.004 418 0.003 770  -0.004 423  0.003 772
7.003 241 -0.003 784 0.003 739  -0.003 783  0.003 742
8.002 453 -0.003 364 0.004 155 -0.003 373 0.004 164
9.003 178 -0.004 369 0.004 253  -0.004 380 0.004 260
10. 004 378 -0.004 158 0.004 888 —0.004 172  0.004 898
11.004 007 -0.005 065 0.004 566 -0.005 078 0.004 571
12.003 103 -0.006 440 0.004 770  -0.006 445 0.004 774
13.003 611 -0.005 703 0.004 868 -0.005 710 0.004 876
14.004 959 -0.006 142  0.005 232 -0.006 150 0.005 238
15.004 770 -0.006 265  0.005 257 -0.006 268  0.005 263
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MR 43 ] P B TR Y A IE T ¥E 3 B/, (675 —
PEIIE, LR MR =2k 1 gy o B R PES LR T 7
MATAPLES S ECT  RBE S A6 15 mm B RE A% 35 2 /)
T 7 pm BTN EER 25 AT DAL SRS BE A A8 T 0 i s R
FEARACAE 1 mm B RRA RN T 1 pm AR 22, I
HER WA 5 AR T A% G 0 BT TG = A A bR Y T
R TR R G ARk R PR LR RO R Y
BEFE AL AT

W25 Z=15 mm BB G EIE RN ES
ZEUR L (B mm) | I IR T AR =4k 5 = R s
A ROT X3RN 13 froR .,

(a) TR R TX BB H(U,)

(a) X, displacement field (U, ) in world coordinate system

—27.707e-3
—28.640e-3
—29.573e-3
—30.507e-3
—31.440e-3
—32.374e-3
—33.307e-3
—34.241e-3
—385.174e-3
—36.108e-3

Vm—37.041e-3

(b) R R TY FARLBEZ(V,)
(b) ¥, displacement field (V) in world coordinate system

(©) HRAFRR FZ FIRBHOV,)

(¢) Z, displacement field (W, ) in world coordinate system

(d) ZH R ZEEBCRV BHFEAERTRERE L)
(d) 3D point cloud reconstruction effect
(W, data chromatography attached to the deformed point cloud)

Bl 13 Z=15 mm [ BB R EE
Fig. 13 Displacement field diagram at Z=15 mm

FEFFEAT R 45 I 7 VT O AE 2 At S AR AR I ]I
AR AN AT 14 BT AL SRR T AR S A T
it 34 5k T P 1 4

/ HE R PR AR A JF T ST AR RR AR A
BH(RT)
¥ ¥
REAE 52 T AR A B0 R T A AR |ﬁﬁﬁﬁﬁ%ﬂéﬁ%¢t§uﬁ%ﬁﬂéﬁfa

X, Y, Z]'=R [X Y Z 1T, UV, W]=R U V W]
T T

P kA
U=aX?*+a,Y*+a XY +aX +aY +a
V=bX2+b,Y2+b XY +b X +bY +b,
We :Cl)(ez +02Ye2 +C3)(5'Ye +C4‘Xe +CS Ye+C6

¥
MRk R
(FEHREAARKERERX)

K14 RAE sk s AR

Fig. 14 Flow chart of strain tensor calculation
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L, EEE RS PIEE Y Z R AR S I RS
JETR R, NI AS 400 1 A 07 42 5K o 158 2 o 25 A1 A L 1Y
L T 2 Y S W T 3k S ) e 3R 22 A Ok Y
B,

Rt FEAE X E RGEE5 6 DIC BoAR AT AR I
BF, B S OGN IR B AT RBA R RIS R Gk 25, T
A FE P AL 5K R TS B R R K 2 a3 B8 37 T
AAER]T o Ay st b AR T 2 [ B ok 11 25 40
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(¢) Z=10mm ¢ _
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(d) Z=10 mm &

"y GL
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K15 AR sk ETT RS UR IR (RS ARk T H A sk )
Fig. 15 Diagram of strain tensor calculation results.

( Green-Lagrange strain tensor)
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