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Fig. 1 Transfer learning-based DIC-2D displacement measurement method: (a)network pre-training stage; (b)the

(b) |

fine-tuning stage of the real speckle image with a mean intensity gradient of approximately 50; (c)the fine-tuning

stage of the real speckle image with a mean intensity gradient of approximately 30
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Tab.1 Network framework table

=2 BB KN/ pixel A/ pixel 4 B R A 18 K/ / pixel
EAZE LR8N 7X7, 3X3, 3X3, 3X3 1,1, 1,1 256 X 256
Rk 2X2 2 128128
REE A 43 B A5 ) 3X3 1 128%128
M 3X3 1 128%128
KAk 2X2 2 64X 64
W 4y B AT 3X3 1 64X 64
Eoil 3X3 1 64X 64
KAk 2X2 2 32X 32
REE A 43 B 5 TR 3X3 1 32X 32
M 3X3 1 32X 32
R Ak 2X2 2 16X 16
WA 4> B AT 3X3 1 16X16
M 3X3 1 16X16

CBAM(Convolutional
Block Attention Module) — — 16 X 16
REEET

FE 2X2 2 32X 32
B R 3X3, 3X3 1,1 32X 32
FE 2X2 2 64X 64
WA TR 3X3, 3X3 1 6464
KA 2X2 2 128128
B4R 3X3, 3X3 1,1 128128
FE 2X2 2 256X 256
WA TR 3X3, 3X3 1,1 256X 256

Eoya) 1X1 1 256X 256
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Fig. 2 Displacement field prediction network structure
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Fig. 3 Multi-level feature extraction block
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Fig. 4 Attention module: (a)hybrid attention module;

(b) the channel attention module; (c)the spatial attention module
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Fig.5 Random displacement samples generated using 8 pixel X 8 pixel spaced control points

in the simulated speckle dataset (the values in the figure are in pixel)
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Fig. 6 Smooth displacement samples generated using 256 pixel X 256 pixel spaced control points

in the simulated speckle dataset (the values in the figure are in pixel)
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Fig. 8 Two samples from the real speckle dataset, consisting of reference and deformed images
with different mean intensity gradients of real speckle, along with the corresponding
displacement fields (the values in the figure are in pixel)
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Fig. 9 Layer-wise incremental fine-tuning strategy
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Fig. 10 Loss variation curves of different fine-tuning strategies on the real speckle dataset with a mean intensity

gradient of approximately 50, including the changes in loss values on the training and validation sets
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Fig. 11 Loss variation curves of different fine-tuning strategies on the real speckle dataset with a mean intensity

gradient of approximately 30, including the changes in loss values on the training and validation sets
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Tab.4 The error results of displacement u prediction using different training methods on the real

speckle image test set with a mean intensity gradient of approximately 50 (values in the table are in pixel)

USRS u

Aife Ae AR A dfle i
Y 2k 0.0627 0.0180 0.0361 0.0964 0.0240 0.0505
TERBES 0.2225 0.0711 0.1557 0.3636 0.0922 0.2235
4 Jry T 0.1450 0.0161 0.0734 0.1838 0.0207 0.1019
I blockl 0.1127 0.0394 0.0746 0.1437 0.0514 0.0988
#38 blockl+block2 0.0875 0.0213 0.0533 0.2641 0.0281 0.0806
##94 blockl-+block2+block3 0.0880 0.0259 0.0608 0.2322 0.0338 0.0896
79 blockl-+ block2+ block3 +block4 0.0801 0.0282 0.0572 0.2302 0.0363 0.0841
79 blockl+ block2+ block3 + block4 + block5b 0.0927 0.0263 0.0608 0.2222 0.0341 0.0894

A blockl 4+ block2 4 block3 + block4 + block5 +CBAM 0.0839 0.0270 0.0548 0.1587 0.0357 0.0771

4 block10 0.0730 0.0223 0.0421 0.1062 0.0288 0.0571
I8 block9+block10 0.1282 0.0215 0.0704 0.1630 0.0284 0.0960
79 block8-+ block9+ block10 0.1400 0.0175 0.0727 0.1775 0.0233 0.0983
#98 block7+ block8 + block9 + block10 0.1432 0.0173 0.0729 0.1809 0.0227 0.0997
4 block6 -+ block7+ block8 + block9 + block10 0.1432 0.0174 0.0736 0.1808 0.0227 0.1003

i CBAMblock6+ block7 4+ block8 4 block9+block10  0.1439 0.0171 0.0751 0.1820 0.0224 0.1023
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Tab.5 The error results of displacement v prediction using different training methods on the real

speckle image test set with a mean intensity gradient of approximately 50 (values in the table are in pixeD)

Uy R7S v
EMAE AL AR eRVSE ERMSE RVSE
Y 2k 0.0822 0.0184 0.0377 0.1722 0.0231 0.0563
ToiE 4> 0.3527 0.0538 0.1405 0.5260 0.0754 0.1941
2 JR i 0.1461 0.0158 0.0753 0.1861 0.0200 0.1070
W block1 0.1530 0.0352 0.0764 0.2289 0.0470 0.1039
98 blockl+ block2 0.1156 0.0256 0.0527 0.1961 0.0332 0.0749
%4 block1+ block2+ block3 0.1123 0.0235 0.0648 0.1990 0.0300 0.0891
8 blockl =+ block2-+block3+ block4 0.1097 0.0260 0.0591 0.1968 0.0326 0.0822
% blockl—+block2+block3+ block4 + block5 0.1130 0.0237 0.0634 0.2006 0.0301 0.0876

% blockl+ block2+ block3+ block4 + block5+CBAM 0.1108 0.0253 0.0559 0.1987 0.0316 0.0783

R block10 0.0895 0.0221 0.0422 0.1824 0.0280 0.0608
%8 block9-+ block10 0.1187 0.0195 0.0702 0.1904 0.0259 0.0988
% block8+ block9 + block10 0.1399 0.0175 0.0732 0.1862 0.0221 0.1023
94 block7 4 block8 4 block9+ block10 0.1440 0.0170 0.0749 0.1848 0.0215 0.1057
#98 block6+ block7 4 block8 + block9 + block10 0.1436 0.0178 0.0755 0.1837 0.0223 0.1060

8 CBAM+ block6 -+ block7 4 block8 +block9+block10 0. 1446 0. 1446 0.0765 0.1868 0.0226 0.1079
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Tab. 6 The error results of displacement u prediction using different training methods on the real

speckle image test set with a mean intensity gradient of approximately 30 (values in the table are in pixel)

Y7 % u
AlRE Aire ATRE: eRNVsk: Shist: ARVSE
Il 25 0.9918 0.0228 0.3215 1.1847 0.0298 0.4045
ToiE 4> 0.2111 0.0507 0.1070 0.3510 0.0626 0.1505
2 JR i 0.1044 0.0206 0.0535 0.2097 0.0267 0.0828
8 blockl 0.3377 0.0486 0.1798 0.4572 0.0615 0.2593
84 blockl 4+ block2 0.2745 0.0267 0.1434 0.3599 0.0339 0.1972
#98 block1+ block2 4+ block3 0.2471 0.0311 0.1321 0.3234 0.0399 0.1809
%98 blockl-+ block2 -+ block3+block4 0.2247 0.0357 0.1232 0.2928 0.0452 0.1702
8 blockl =+ block2+ block3+ block4 +block5 0.2536 0.0325 0.1339 0.3307 0.0414 0.1832
M block1+block2 + block3 + block4 4 block5 +CBAM 0.2465 0.0321 0.1306 0.3206 0.0411 0.1788
R block10 0.5673 0.0268 0.1802 0.7686 0.0339 0.2494
## block9+block10 0.3735 0.0384 0.1496 0.5225 0.0497 0.2131
#98 block8+ block9 4 block10 0.1884 0.0256 0.0826 0.2758 0.0331 0.1264
#8 block7+ block8 4 block9 + block10 0.1212 0.0248 0.0650 0.2312 0.0323 0.1005
### block6 +block7 + block8 +block9 +block10 0.1203 0.0243 0.0647 0.2295 0.0316 0.0999
%8 CBAM+ block6+ block7 -+ block8+block9+block10  0.1167 0.0226 0.0608 0.2273 0.0294 0.0936
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Tab.7 The error results of displacement v prediction using different training methods on the real

speckle image test set with a mean intensity gradient of approximately 30 (values in the table are in pixel)

W GRT5 1% v

max min mean mean

max min
EMAE EMAE EMAE E€RMSE E€RMSE E€RMSE

I

TERBES

4 Jay i A

fiA blockl

3 block1+block2

4 block1+block2+ block3

43 block1+ block2+ block3 -+ block4

0 0.0277 0.3204
0 0
0 0
0 0
0 0
0 0
0 0
7 block1-+block2+block3+ block4 + block5 0.2439 0.0341 0.1279
0 0
0 0
0 0
0 0
0 0
0 0
0 0

[

. 1687 0.0377 0.4005
L0712 0.1397 L3737 0.0985 0.2095
.0191 0.0537 1426 0.0254 0.0822
.0363 0.1802 . 4948 0.0489 0.2517
L0272 0.1487 3790 0.0348 0.2022
.0347 0.1237 L2998 0.0449 0.1693
.0352 0.1111 . 2584 0.0470 0.1546
3153 0.0442 0.1750
##J8 blockl+ block2+ block3+ block4 + block5 +CBAM
4 block10

W block9+block10

##J8 block8-+ block9+block10

##98 block7+ block8+ block9+ block10

1 # block6 -+ block7+block8+ block9 + block10

" CBAM+block6+ block7 4 block8 + block9+ block10

L0325 0.1225 . 2998 0.0428 0.1679

L0282 0.1954 7787 0.0372 0.2675
. 0451 0.1571 .5964 0.0576 0.2191
L0309  0.0831 2764 0.0403 0.1251
.0249  0.0637 0.1694 0.0336 0.0970

.0258 0.0642 0.1761 0.0350 0.0976

© o o o © o o o o o o o o O

.0237 0.0599 0.1539 0.0316 0.0910
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Tab. 8 Performance comparison of different fine-tuning strategies on real speckle
images with a mean intensity gradient of approximately 50
VI RES SRR (X 10%)  IIZkAtE] /min - HfEHLAT ] /ms
IS 6. 44 1437.17 11.17
TiT#= 6. 44 5.83 12. 50
2 Ry 6. 44 5.78 10. 97
4 blockl 0. 01 5.10 10. 90
3R blockl+ block?2 0.05 5.19 11. 24
94 blockl-+block2 -+ block3 0. 20 5.21 11.10
#4 blockl+block24 block3+ block4 0. 83 5.22 11. 44
78 block1+ block2+ block3+ block4 + block5 3.32 5.62 11.10
478 block1+ block2+ block3 -+ block4 +block5+CBAM 3.39 5.25 11.10
%R block10 0.01 4.97 11. 44
4 block9+block10 0. 04 5. 27 11.70
94 block8+block9—+ block10 0.18 4. 82 11.50
#%3 block? 4 block8+ block9 +-block10 0.75 4.91 11.50
478 block6 + block7+ block8 + block9 + block10 3.05 5. 34 11.77
#3% CBAM+block6+ block7 + block8 -+ block9 +block10 3.11 4.99 11. 24
F O AR TR A R e A 2 R B B B 2 30 A L SRR T4 L A bk B HL R
Tab. 9 Performance comparison of different fine-tuning strategies on real speckle images
with a mean intensity gradient of approximately 30
Ry SR COC10Y)  NZRNEE] /min - HfEBEA ] /ms
T2 6. 44 1437.17 11.19
LT 6. 44 6.14 13. 30
& R 6. 44 5.87 11. 37
I blockl 0.01 5.13 11. 04
94 blockl-+block2 0.05 5. 20 10. 57
%3 block1+block2 4 block3 0. 20 5.24 10. 64
%3 block1+ block2+-block3 - block4 0.83 5. 30 11.10
478 blockl+ block2+ block3+ block4 + block5 3.32 5.29 11.17
% blockl+block24block3+ block4 + block5+CBAM 3.39 5.29 11.10
4 block10 0.01 5.09 10. 97
%3 block9 +block10 0. 04 4,77 10. 90
78 block8+block9d+ block10 0.18 4. 86 11.17
3R block? 4 block8+ block9 4 block10 0.75 4.97 10. 97
#% block6 +block7 4 block8—+ block9 =+ block10 3.05 4.98 11.24
#3% CBAM+block6+ block7 + block8 -+ block9 + block10 3.11 5.03 11. 24
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Fig. 12 Prediction results of different displacement measurement methods on a real speckle image

with a mean intensity gradient of 48. 8553 (the values in the figure are in pixel)
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Fig. 12(continued) Prediction results of different displacement measurement methods on a real speckle image

with a mean intensity gradient of 48. 8553 (the values in the figure are in pixel)
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Fig. 13 Prediction results of different displacement measurement methods on a real speckle image

with a mean intensity gradient of 27. 5461 (the values in the figure are in pixel)
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Fig. 13(continued)
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Fig. 18 Performance and error analysis of different displacement measurement methods in predicting star-shaped
displacements on a real speckle image with a mean intensity gradient of 21. 7933 (the values in the figure are in pixel)
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displacements on a real speckle image with a mean intensity gradient of 12. 5188(the unit in the figure are in pixel)
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A Study on the 2D digital image correlation displacement
measurement method based on transfer learning

HU Jialiang' , ZHANG Zhanfei**, MA Xiaotong” ,
LI Xiang', XIE Huimin®?, JIA Yalei', LIU Zhanwei*

(1. School of Aeronautics and Astronautics, North China Institute of Aerospace Engineering, Langfang 065000, Hebei, China; 2. School
of Aerospace Engineering, Tsinghua University, Beijing 100084, China; 3. State Key Laboratory of Flexible Electronics Technology,
Tsinghua University, Beijing 100084, China; 4. School of Aerospace Engineering, Beijing Institute of Technology, Beijing 100081,
China)

Abstract: Digital Image Correlation (DIC) is a non-contact optical measurement technique that uses
speckle patterns as deformation carriers to measure surface displacement and deformation fields of
objects. It has been widely applied in key industrial fields such as aerospace, mechanical engineering,
and power engineering. In general, specialized software is required for Digital Image Correlation
(DIC) measurement and analysis. In particular, in the measurement of fatigue and dynamic problems,
it is essential to address challenges arising from big data processing, such as long computation times
and low efficiency. With the development of artificial intelligence technology, deep learning provides
new opportunities for DIC method. However, a huge dataset is required for the construction of DIC
deep learning network. which not only increases the cost of data collection but also takes a long
computation time. To solve the above problems, this paper proposes a DIC-2D displacement
measurement method based on migration learning, which is based on U-Net network including a
multi-level feature extractor, an attention mechanism and a depth-separable convolution. In the pre-
training process of the network, simulated scattering images are used as the training dataset to form
the pre-trained network; On this basis, multiple transfer learning fine-tuning strategies are used to
optimize the network parameters using a small number of real speckle images with different mean
intensity gradients to establish the migration network, and real speckle images are used for
verification. The analysis results show that the network trained by the global fine-tuning strategy
exhibits higher accuracy and better robustness in the training of different mean intensity gradient
speckle images. The DIC migration learning method proposed in this paper can significantly reduce the
training time and cost for data acquisition.
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