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Factor graph optimization for cross-scale wafer defect detection
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Abstract: Wafer surface defect detection is a critical step for ensuring yield and process stability in advanced semiconductor
manufacturing. To address the challenges posed by the extreme span between wafer image resolution and defect sizes in advanced
processes, as well as the high miss-detection rate of weak-edge defects such as micro-cracks, we propose FLC-DETR, a cross-scale
wafer defect detection model based on factor graph optimization. First, a Laplacian edge enhancement module is introduced to strengthen
gradient responses at micro-defect edges by exploiting the frequency-domain selectivity of directionally separable Laplacian kernels,
thereby suppressing background noise. Secondly, a factor graph optimization module is designed to formulate a probabilistic graphical
model for cross-scale feature alignment upon the enhanced multi-scale features; through joint inference of prior, observation, and motion
factors, global consistency of object proposals is optimized. Furthermore, a channel gradient enhancement module is incorporated into
the decoder regression branch to embed Scharr gradient features into the bounding-box regression process; a learnable gating mechanism
enables adaptive weighted fusion of gradient information, further improving localization accuracy for tiny defects. Experimental results on
a self-built wafer defect dataset show that FLC-DETR achieves an mAP of 81.7% and an AP @ 0.5 of 98.6% , representing
improvements of 12. 5% and 10.7% over RT-DETRv4-S, while reducing the FNR from 12.2% to 10. 1% , effectively alleviating the
micro-crack miss-detection problem. The AP@ 0. 5 values for defects across three scale levels reach 69. 56% , 79.18% , and 90.27% ,
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respectively, validating the model’s capability for cross-scale defect detection. FLC-DETR achieves robust cross-scale defect detection on

wafer images, effectively mitigating the risk of micro-crack miss-detection and providing a feasible technical solution for in-line quality

monitoring in advanced semiconductor manufacturing and packaging processes.

Keywords : wafer defect detection; cross-scale detection; edge enhancement; factor graph optimization; gradient enhancement
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Fig.5 The architecture of the CGM
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Fig. 6 Wafer defect area distribution statistics
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GPU Jy NVIDIA GeForce RTX 5060 Ti (16 GB) . JMifi{#
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S AEMIRRE 1 R 5 TN B U8, BT Python
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Table 1 Experimental environment information

SRR IR E FiiBU0I
- Python 3. 11
MFEABE
Pytorch 2. 11
CPU Intel Xeon(R) Intel Core( TM)
Platinum 8370C Ultra 7 265KF
NVIDIA RTX NVIDIA GeForce RTX
GPU

PRO 6000 (96 GB) 5060 Ti (16 GB)

3.3 HEEXTEE

R 9 U i SR AR AR A it 18] e B A DA 55 vh B PR R T
H RS B A L R AT X H SR, 25 R AN SR 2 iR,
YOLOv26-S 5 YOLOv26-M [ mAP 43 54 43.2% F
44.3% ,FNR 753k 35. 2% F1 33. 9% , 2 B B4l g+
LRURPEXRT TRG B R T+ o0 A R, JC ik AR IO B 2% 55
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69.2% ,FNR [ % 12.2% , {EA5 A7 76 BH (19 T AS: ) A
D-FINE-S il DEIMv2-S %5 2aE ) DETR A5 %Y B3 4R 38 i 48
LIRS PR EE S T —EdE e {5 FNR AB4ERS7E 31. 7%
Db MDA R S A 3 ) e T AR R R R

ASCHE B FLC-DETR BRI S804 10. 49 M, 15

1124 1 41 132 epochs -
Batch size 16 . HE 24.89 GFLOPs, £ RF5 48 B AL Y I S0 8L T o
- Ay B mAP 81. 7% I fIk FNR 10. 1% , % FT-DETRM-S 53 $
- 0,000 4 ) Th12. 5% MIFEAK 2. 1% o WE 7 BiR 9 — IR i R
W] FLC-DETR #5274 X ke s B AT =5 4 11138 90% , 15 5% 1%
F2 AEEBENERESSIOS R
Table 2 Experimental results of detection performance for different models
T SHE/M GFLOPs/G HER /ms mAP/% AP@O.5/% FNR/%
Cascade-RCNN-R50 69.29 93.65 6. 47 44.5 73.2 34.8
ATSS-R50 38.91 43.26 3.50 48.5 75.7 34.2
YOLOv11-S 9.41 21.33 2.10 37.7 67.2 34.0
YOLOv13-S 9. 02 20. 04 4.40 39.9 65.9 35.2
YOLOv26-S 9.47 20. 54 2.21 43.2 73.1 35.2
YOLOv26-M 20. 35 67. 80 4.74 44.3 73.8 33.9
YOLOv26-L 24.75 86. 13 6.17 46.7 76. 1 32.1
D-FINE-S 10.18 24. 81 10. 46 53.9 77.6 35.2
DEIMv2-S 9.67 25.33 10.99 52.2 75.2 31.7
RT-DETRv2-S 20. 08 59. 86 12.17 68. 6 90. 8 15.0
RT-DETRv4-S 10. 42 24. 82 10. 52 69.2 87.9 12.2
RT-DETRv4-M 19. 67 56.33 12.57 75.5 96. 6 13.6
FLC-DETR 10. 49 24. 89 10. 99 81.7 98. 6 10.1

R K 1% IR FE A 10% , £ W FLC-DETR 7E & 5 5t [
Y RSB R AR RGN

il 8 o, ik Ty vk R A DORG B 5 A 4l ¥y
WE T A F 0%k, HE T RT-DETRv4-S LAY
FLC-DETR #£ %4 B9 mAP H 69.2% $&F+ 2 81. 7% , 34 i
12.5% ,FNR Hi 12.2% [ % 10. 1%, 080 /0 2. 1% ; #HE T
YOLOv26-S £ &) mAP My 43.2% 12 T = 81.7% , ¥ fin

38.5% ,FNR 8/ 25. 1% , Lib&s R u0iE T frdkt Jr ik e
TE it (53 S0 g B RUPSE A DA 55 100 R ARG

R B S 7R 7E A2 4% o (B S5 B 3 5 R AR I AT o 2
S, BEHUEL 5 2480 | DX S0 S ) A 2SR e o 1) I XA
AT RTAAL BT, G5 SR 9 o, Horp 2251 Sk 5 i
DNAEE 5 2 75 B e T ST, A 910 S oxt o 38 g &1 FH DA SRAIE
REARYXTBRFE DB OCTERRRE . 9 (a) IR INZ5 R W
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Fig.7 Normalized confusion matrix of the FLC-DETR model
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Fig. 8 Performance comparison of different models
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Fig. 9  Visualization of wafer detection across different models
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Fig. 10  Compare the mAP curves of model training
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Table 3 Results of ablation study

7k LEM FGO CGM mAP/% AP@O0.5/% FNR/%
1 69.2 87.9 12.2
2 v 75.5 93.3 10.9
3 v 76.2 95.2 12.6
4 v 70.8 90. 1 11. 4
5 v v 71.3 95.9 12.0
6 v v v 81.7 98.6 10. 1
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Fig. 12 Comparison of model performance at different scales
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Fig. 13 GPU Memory vs. mAP under Different Resolutions

Bl A BE R AL TE, BT 4R B AL mAP #E 640 x
640 pixels TikFIE(E 81. 7% ,1 280x1 280 pixels H B IR
1R UG 80. 4% , I Ji5 Bl 75 i A 43 9 230 485 KT 328 T e 9, A
2 560x2 560 pixels FEZE 74. 1% , ZHAFHFEY Sk A%
PR PTG 2 R A b BR A A 32 A g i A ; 4k
SRR BB T AR R R A B I g
SRS 5 A R B B A B ] i 0
TSRS BE

TEBAF b v, S AN GE T B 40 fic 5K 5 5P o FH Y
AT TSR S AN B TR RO (E Kb [R5
FEAE G K AN B CUDA BR85S 8 A7t 25 &, FP32
5 AMP BT 09 AR 3 HE R IR R K E R
RIBAEREZS . EA PR, R R A7
b7 AR AMP T3 24050 S FP32 ESHURIA W A7
BAHBR, M 1280x1 280 pixels JFIA , % N AE 8 A7
JHE M, AMP (%) FP16 300G A L3 7840 Bk, -4 T
TH 4 20% B AF & O, B4, FLC-DETR #5857 +F

ONNX T 5 CUDA #E3, o & G, 255 0
TESHE I 640%640 pixels T FH T 76 2% /& A I | i
U] A SR AT R A PR W IE T AR R T[] ELSE AOI
TR BB 1 R R 5 o R

4 & i

A RORIIEEE T i T YN LR S ON: UL ol
R FET R AOL P2 FR A T 4 660 7K K51 i
BREERCE A BRI 2R S A SR T AT S B RO SCFr
FEMEHEA T 32— b D 7 O Ak i o 0 ke g B2 IR
JERGIUASAY FLC-DETR , 38 3ok il 437 35 7 307 120 25 38 54 A
P LEM , 34 5 ff ik b 10 2 AR S B RE 0 5 R IK 1 BI04k
B FGO , 48 T+ RUBERRAF X 553005 5 5| A 18 B 1
SRELHE COM, Ak i 5Ll A B Be iy /e AiAs B, Bm, 78
A A T R i 22 U2 55 AN R A3 R S 6 45 R
FW], FLC-DETR e AG: U4 32 R0 s A6 42 i 75 vin 2408 °F 32
it S A IR S B Y i i D7 R A SO RIS B Y S
A, AR, T — 2D AR ZRART 1Y) [ 5 0 40 3 2 25 94
AL, IE 5 | A ZBSAR B Al LA T 5 4477 B0
5T R RNz AL RE
Sk
[1] FangTY, AnJS, Qi C, et al. Progress and comparison
in nondestructive detection, imaging and recognition tech-
nology for defects of wafers, chips and solder joints[ J].
Nondestructive Testing and Evaluation, 2023, 39 (6):
1599-1654.
[2] Ml Bk, AR LIRSk ESMN
VGGNet &I G A TN [ 7], FL 700 B 5 A% 2 4l
2025, 39(8): 1-12.
Du Xianjun, Jia Long. VGGNet wafer defect detection with
improved multi-head attention and residual structure [ J ].
Journal of Electronic Measurement and Instrumentation,
2025, 39(8): 1-12.
[3] W&, R—4a. HETILEIGE RS R bk FE R AT 5T
HERE[J]. AR, 2024, 45(7) ; 1-26.
Hu Zhigiang, Wu Yiquan. Research progress in chip
defect detection based on machine vision[ J]. Chinese
Journal of Scientific Instrument, 2024, 45(7) : 1-26.
[4] Mei$S, Diao Z L, Liu X Y, et al. BDSD-Net: An
efficient and high-precision anomaly detector for real-time
semiconductor wafer vision inspection [ J ]. IEEE
Transactions on Semiconductor Manufacturing, 2025,

38(3) : 675-686.



24

& M x #

M 47 %

(5]

[6]

(7]

(8]

(9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

Jin C H, Na H J, Piao M H, et al. A novel DBSCAN-
based defect

pattern  detection and  classification
framework for wafer bin map[ J]. IEEE Transactions on
Semiconductor Manufacturing, 2019, 32(3) . 286-292.
YuRY, LiHY, Guo BY, et al. Background-weaken
generalization network for few-shot industrial metal defect
segmentation| J ]. TEEE Transactions on Instrumentation
and Measurement, 2025, 74, 5010811.

Chou J] H, Wang F K, Chen H K. Adaptive transfer
learning with deformable convolution for wafer defect
pattern recognition[ J]. IEEE Transactions on Semicon-

ductor Manufacturing, 2025, 38(4) . 840-849.

Dekhovich A, SupConWI-RL: Wafer

Soloviev  O.

inspection with reinforcement learning enhanced by

supervised contrastive learning [ C ]//2025 IEEE
International Conference on Computer Vision Workshops,
2025 1396- 1405.

Zheng J B, Dang J T, Zhang T. Wafer surface defect
detection based on feature enhancement and predicted box
aggregation|[ J]. Electronics, 2022, 12(1) ; 76.

Wang Z Y, Yang Y C, Chu J N, et al. YOLO-LA.
Prototype-based vision-language alignment for silicon
wafer defect pattern detection [ J |. Micromachines,
2026, 17(1) . 67.

Liao Z J, Zhao Y A, Shan X, et al. RT-DETRv4.
Painlessly furthering real-time object detection with vision
foundation models[ PP/OL]. V1. (2025-10-29) [ 2026-
07-09]. https://doi. org/10. 48550/ arXiv. 2510. 25257.
Zhong X, Sun Y, Zhou G C, et al. Statistical-analysis-
based imaging-free method for efficient and fast wafer
defect detection [ J ]. IEEE Transactions on Instru-
mentation and Measurement, 2025, 74. 2537306.

Liu J M, Zhao H, Wu Q Z, et al. Patterned wafer defect
inspection at advanced technology nodes [ J]. Laser &
Optoelectronics Progress, 2023, 60(3) : 0312003.

Park S Y, Kim T S. Fuzzy inference system for inter-
pretable classification of wafer map defect patterns[J].
Electronics, 2026, 15(1) . 130.

Wang J, YuZ Y, Duan Z Z, et al. A sub-region one-to-
one mapping ( SOM) detection algorithm for glass pas-
sivation parts wafer surface low-contrast texture defects[J].
Multimedia Tools and Applications, 2021, 80. 28879-
28896.

Zhao Z Y, Wang J, Tao Q, et al. An unknown wafer

[17]

[18]

[19]

[20]

(21]

[22]

(23]

surface defect detection approach based on incremental
[ J]. Reliability
Engineering & System Safety, 2024, 244. 109966.

Chi Y L, Gong X Y, Zhao B, et al. CISC-YOLO: A

learning for reliability analysis

lightweight network for micron-level defect detection on
wafers via efficient cross-scale feature fusion [ J ].
Electronics, 2025, 14(19) ; 3960.

Thuan N D. Inspection of mixed-type wafer defects from
single-defect data via adaptive synthesis and self-attention
CNN[J]. Measurement, 2025, 256 118306.

Xu A, Li' Y W, Xie H B, et al. Optimization and
validation of wafer surface defect detection algorithm
based on RT-DETR[J]. IEEE Access, 2025,13:39727-
39737.

Zhang H T, Cao S R, Zou N M, et al. FALCO-
WAFER: Feature-aware lightweight contextual detector
for wafer defect detection[ C]//2025 IEEE International
Test Conference in Asia, 2025; 43-47.
Wang Q L, Wu B G, Zhu P F, et al. ECA-Net:
Efficient channel attention for deep convolutional neural
networks| C]//Proceedings of the IEEE/CVF Conference
on Computer Vision and Pattern Recognition, 2020.
11534-11542.

Shabanian H, Balasubramanian M. A novel factor graph-
based optimization technique for stereo correspondence
estimation[ J]. Scientific Reports, 2022,12,15613.
Zong Z ¥, Song G L, Liu Y. DETRs with collaborative
hybrid assignments training [ C ]//2023 IEEE/CVF
International Conference on Computer Vision, 2023,

6748-6758.

EEE N

BRER 2018 4F T2 BOR R 73R4 27
b2, 2022 AR T PG % BR R S R A A
b, B L R R R A
SEEAIFFET5 1 O B R A B T S S
AR,

E-mail ; ruichen26@ std. uestc. edu. cn

Chen Rui received his B. Sc.

degree from Anhui Jianzhu

University in 2018, and his M. Sc. degree from Xi’an University

of Science and Technology in 2022. He is currently a Ph. D.

candidate at the University of Electronic Science and Technology

of China. His main research interests include integrated circuit



55 8 10 (43

Fiit S5 BT DR PRI A B o TRk e RO A DN D 1 25

reliability and test technology.
RE CGEEEH), 05T 1997 4 F
2002 AFFERE R TR R 3Jeds o L A -
27,2005 AF TR Tk KA 3RS 12
A, BUR L7 R OR A 4%, 1 ZE 5T 07 1w
LR S RGN 2R
E-mail: longbing@ uestc. edu. cn
Long Bing ( Corresponding author) received his B. Se. and
M. Sc. degrees both from Harbin Engineering University in 1997
and 2002, respectively, and received his Ph.D. degree from
Harbin Institute of Technology in 2005. He is currently a
professor at the University of Electronic Science and Technology
of China. His main research interests include testing and
diagnosis technology for circuits and systems.
RRLE, 2002 45T L TR KA ARG
2L, B TR R AR R, PR
75 1) Ay B 1l AL B 0
E-mail: daizhijian@ uestc. edu. cn
Dai Zhijian received his M. Sc. degree from
the University of Electronic Science and Technology of China in
2002. He is currently a professor at the University of Electronic
Science and Technology of China. His main research interest is

integrated circuit testing.

B30, 2000 4R T2 JRITTE A B kA5 27
27,2004 AR T AL Tolk KA HAFR 122
11,2009 4F TG NE Tl K2 3R A3 1l 244
A 2 PRV 7 2045, T2 BRI 5T J7 1) Ry 4
R I
E-mail: zhanwf@ aqnu. edu. cn
Zhan Wenfa received his B. Sc. degree from Anqing Normal
University in 2000, his M. Sc. degree from Hefei University of
Technology in 2004, and his Ph. D. degree from Hefei University
of Technology in 2009. He is currently a professor at Anging
Normal University. His main research interest is integrated circuit
testing.
FIRAN, 2019 4F T RB T R A3k
2B AL, 2022 AR HL TR A AR
(0SS RS R S N o L 1 T e s 3
FE07 1) A R B
E-mail: 1720313118@ qq. com
Li Rongjie reccived his B. Sc. degree from Anhui University
of Technology in 2019, and his M. Sc. degree from the University
of Electronic Science and Technology of China in 2022. He is
currently a Ph.D. candidate at the University of Electronic
Science and Technology of China. His main research interest is

integrated circuit testing.



