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Abstract: PCB defect detection is crucial in electronic engineering. However, traditional detection methods face limitations
in accuracy and robustness due to the small size, complex categories, and indistinguishability of defect features. To address
these challenges, this paper proposes an improved YOLOv11-based PCB defect detection model: YOLOv11-MAS. The
model incorporates a median-enhanced channel and spatial attention block (MECS) in the backbone to enhance defect fea-
ture extraction through an improved attention mechanism. Median enhancement and depth wise convolution are employed
to expand the receptive field and improve the recognition of various special defects on PCBs. In the neck part, an adaptive
hierarchical feature integration network (AHFIN) is introduced to adaptively weight and fuse multi-scale features, thereby
enhancing the utilization of information from the backbone and enabling the model to focus precisely on key defect areas.
Additionally, the CIoU loss function of YOLOVI11 is replaced with a slide alignment loss (SAL) function. By optimizing
bounding box definition and considering center deviation, size ratio, and angle differences, SAL introduces adaptive
weights for difficult and easy samples to accurately regress target boxes and improve detection capabilities for complex
defect types. Experimental results demonstrate that the YOLOv11-MAS model achieves excellent performance on multi-
ple PCB defect datasets, with an mAP of 93.1%, a 7.8 percentage points improvement over YOLOv11, and a detection
speed of 49. 6 frames per second on the NVIDIA Jetson Xavier, which meets the requirements for real-time detection.
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ters) . it 8.5 2% ¥ (GFLOPs) LA B2 K il i % (FPS) . 1@
T IX SR PRI 25 A A, RE A% 4 T il S ASS U AE PCB ik
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SERRERE SRR
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X2 R, YOLOV I A8 (- H5 v R 2 1 [=] B,
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Table 3 Different model detection performance

Model mAP/%  Precision/%  Recall/%  Parameters/10° GFLOPs  FPS/(ji/s)
SSD 79.0 68.9 64.3 8.9 18.3 47.1
CNN 79.8 71.2 73.2 19.6 48.0 9.3
Mask R-CNN 83.2 76.4 75.6 14.8 34.2 10.9
RetinaNet 80.7 79.2 73.9 9.0 16.8 45.1
EfficientDet 83.1 80.8 79.9 11.1 19.1 38.3
YOLOv8 83.2 82.5 80.3 12.6 20.0 46.7
YOLOv11 85.3 82.7 81.4 12.8 22.4 47.2
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@ L BT, B3 T YOLO R4 E— Beab b
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1 PCB SR PR i) S2Fm 7 o B B 3, BUS ST
e H YOLOV1 1 /E M FEREAE R I 7280 ik
2.3.2 MECS BiYe i Pk PFA% v b s 45

Sk T BEIE MECS B35 , A SR YOLOv 1 T
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TEREFE PRI L4 RS TR 4
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Table 4 Performance evaluation and comparison of

MECS module
=373 mAP/% FPS/(bi/s)
YOLOv11 85.3 472
YOLOvVI11+CBAM 87.2 46.8
YOLOv11+MECS 92.0 47.1

AHEF I 4G YOLOVT 1 BEAY | £E il MECS AR , A5
R HRS FE mAP SEBL T M 85.3%F1) 92.0% i) I 2 3
Tt BEIEEE] T 6.7 A3 . [FB, 5k H CBAM A
Huk HER) YOLOVI1+CBAM RS RYAHHL , mAP IR AT 4.8 4
Eor R (EAAER A, RS mAP B, (A
TR B G ) S 2R FPS A M 47.2 Wi /s 5250 T &2 47.1 Wvi/s,
JLFARZ M,

X—ZBUIESE T MECS A5 HTE 4k Rl 52 1) [F]
B, RE 1% S0 5 1 o TR () RS A B | X Pt BE B S T+ 1
15 F MECS 7E it b2 5 &8 BUZ M IF 45T, 5
2% i p S GE A 23 Ta) 7 3 AL CBAM AN, B4 J5)°F
Y AV AN 4 SR e K AV FEARFAE S8 BT & 424 FH A0, 10t
A ROGFHE AR AR FEE 4 MR 0 SR N R AR I
TAAE S8 2508 7 5 0, MECS (9 ik 5 £ R SR
KEBEit  AEANBR R /INAS ] B M 5 S HRRAE s ) PCB RS AT
S T RE IS 7E P B8 T B AEAS B [F] e 2 Bz g
A T AESIBE B bR A 55 b 30t L s i P e 4
T T3,

2.3.3  AHFINSEAE i P25 00 P e o7 A of be 92 35
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HRN B 25 1 SRR 43 , 4855 A e RUBE SRR AE 264 7 A
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TR TR RE LS , SEIR A SRR S PR

SEuy ok R HY 5 R 4G YOLOvI BRI AH EL |, B2 ik
AHFIN Ji , A5 Y 0 F 2 5 B (mAP) M 85.3% 32 i 3] T
89.4% 4K T 4.1 N EH 4 5515 YOLOv1+FPN F#Y
AHEL , mAPWSEHL T 2 24N E 4 AR T

i 7 FPN W48 4544 , AHFIN (5% & 2% (1) 25 T 45 i
(deformable convolution) %} PCB it f& 1% v i /% 45 3%

465 AHFIN FF Akl 15 P 4 PERE P74 0 Le
Table 5 Performance evaluation and comparison of
AHFIN feature fusion network

ik mAP/% FPS/(1i/s)
YOLOv11 85.3 472
YOLOv11+FPN 87.2 49.1
YOLOv11+AHFIN 89.4 49.6

SRR B4 T SE I 23 ()42 1 Jo 5 45 ROBERFAE 3% ) 3 AR
AT AR | 3X — 255 EL v T A 4R AE 2 1) A P 5 1%
AN T A mAP L, AN — T BB S
B YA (gradient compression) X K KIZF; T HAK:
MR, FEALFE PCB kX Fh 2 43 25012 RF HbRbT,
JRIL T HARBA) PERE
2.3.4 VK BRBORT DI 25 ek B 04 5 ik ke

R T VAR I B0 55 RO R B SAL XA I ZR ) 5%
Wiy, K5 28 43 5% BR %% CToU |, GIoU . DIoU Fll SAL 43 51| i
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LT T IR . 2 6 R BT i H A [R5k R A0
ZRAFI T ARSI P REXT E
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0.07 = 0.026
.06 D 0.024
K 0022
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0018
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HEARIKEL
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Fig4 Loss curve
266 8 AS [l 53 )¢ R S80I 5B 08 (g A i £ %o L
Table 6 Performance comparison of models trained

with different loss functions

EENIE mAP/% Precision/% Recall/%
CloU 85.3 80.2 76.5
GloU 79.2 80.7 75.1
DIoU 85.6 81.1 79.4
SAL 88.1 83.6 80.7

MLEEIE 4 B 7R B 455 Hh 22, T LUk BUR A 455 pR 8L
BEE) TSRS, XRS5 PR B N2k 07 14
AR BRE R R REG R B Ak . (ERTA
SREREC , SAL 455 R BUTE N 2R S DR A, HL 4
Fellcsimth , RIETEE , ARt Ik,

6 MMt — A2 R [ SAL BEAT DN ZRak 2
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Table 7 Model detection performance before and after improvement

‘ AP/%
ik

mAP/% Precision/% Recall/% FPS/(Wi/s)

Bl R TREE S RS Dhd
YOLOvI1 852 82.6 84.7 832 87.0 849 853 82.7 81.4 47.2
+MECS 922 89.2 92.8 914 926 91.7  92.0 84.6 85.1 47.1
+AHFIN 88.8 88.0 89.6 89.3 90.1 89.5 89.4 85.2 86.3 49.6
+MECS+AHFIN 92.5 923 934 93.1 927 92.6 929 85.9 86.7 49.4
+MECS+AHFIN+SAL 92.8 92.7 934 93.6 93.0 928 93.1 90.6 88.2 49.6
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(a)HftJfL (missing hole)

(c)FFi# (open circuit)

(e) 1] %5 (spur)

(b) BMEIR (mouse bite)

(d) %5 % (short)

()P4 (spurious copper)
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Fig.5 Visualization results of model before and after improvement
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Table 8 Comparison of comprehensive detection

performance of various models and algorithms

W H fieidl mAP/%  FPS/(i/s)
Virasova Z¢ A™ ECG-SVM 87.2 18.2
Londe £ A" SSD 82.2 23.6
Zhang % A\ Faster-RCNN 75.6 50.2
Zhang % A\ CS-ResNet 93.9 15.2
ST TE YN YOLOvS8n 92.3 39.4
E 5 YOLOvI1-MAS 93.1 49.6

96 F CS-ResNet Ours
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i s X
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Fig.6 Performance comparison of various models
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