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Abstract: To resolve the current stage of printed circuit board (PCB) defect detection, it is necessary to
consider both the detail and global information of the defects simultaneously. The downsampling operation
of cross-pixel convolution or pooling results in the loss of both global and detailed information on the sur-
face defects of printed circuit boards (PCBs). Although some of the methods above employ attention
mechanisms for intra-layer information, the issue of insufficient attention to the weight bias problem result-
ing from conventional convolution after feature extraction persists. The PCB defect detection Network
(PCBNet) proposed in this paper employed the inflated Dilation and extrusion convolution (DeConv) to
extract both global and detailed information about PCB surface defects. Downsampling was performed us-

ing Spatial Passage Directed Focused Convolution (SPD-Conv) to minimize the loss of information. The
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Subtle Feature Enhancement Module (SFEM) had been designed to adjust the intra-layer relationship of
PCB surface defect features and reduce the weight bias while enhancing the algorithm's ability to perceive
the subtle features. The experimental results obtained by comparing the PCB surface soldering defects da-
taset and the PCB Defect-Augmented dataset, which were collected in the field using multiple state-of-the-
art methods, demonstrate that PCBNet is not only capable of accurately identifying PCB surface soldering
defects at a rate of 83 frames per second on the PCB surface soldering defects dataset but also achieves the
following results on the PCB Defect-Augmented dataset: the highest accuracy of mAP, ;, which is the
evaluation metric of the COCO dataset. This indicates that our method has the potential to be implement-
ed on embedded devices.

Key words: PCB defect detection; dilation and extrusion convolution; SPD-Conv; subtle feature en-

hancement; object detection
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Tab.1 Dilatation rate configuration table in the backbone

Number Dilation Layer s Output size
0 — Focus —  320X320X32
1 — SPD-Conv ~ —  160X160X64
2 1 DeCSPlayer — 160X 160X 64
3 — SPD-Conv 2 80X 80X 128
4 2 DeCSPlayer — 80X 80X 128
5 — SPD-Conv 2 40X 40X 256
6 3 DeCSPlayer — 40X 40X 256
7 — SPD-Conv 2 20X 20X 512
8 — SPP — 20X 20X 512
9 5 DeCSPlayer — 20X 20X 512
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Fig. 6 Subtle feature enhancement module
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Fig.8 Schematic diagram of PCB surface soldering defects
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Tab.2 Camera parameters during data collection
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Tab.3 Number of defects in various categories in the da-

taset
B 2531 BRI EH
Aiguille 2487
Dissymmetry 1667
Holes 1923
Interconnect pad 4 069
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Fig.9 Image acquisition and detection system
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RTX 4080 16 Gb GPU,
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S B Al 900 2R AR ) (R B R SR AT R A T
W&k . Y2kt & Batch Size Jy 16, B 3% AL
ZRUELH 300K, Wl IR 2% 2 o 1X 10, Z i R
R 0,937, AL v T A LA T A0 Ak 2
2k SGD, i FH Mosaic £ 95 38 58 . fr A5 455 7Y
Y25 1 EAZOR g6 ik 3 TR RN S 48— 1Y
640640, A fEXT H i £ £ Kt 58— , OF HAE
G 30 A R EAROR ST B R AR R RN,
JIT A A D B 1 2 el A5 I P AR DA R 3 T A5
= A ]
3.3 iFMiESR

TE SEBR ) Tl 30 3 98 47 4G 0 B, 3 R 23 i
TR 0 2 80 2 RS A RG22 ] B A
SPAG o AT 4 I 0 4 56 i PCBNet ) 8 4k
YEfE ,mAP, 5, mAP, ;,mAP, -, o, FPS,GFLOPs,
Params iX JLZEH8 br 4 H T 774 PCBNet (14 BE -
HorpmAP, s ZRAE T 229 10y 0.5 I [ 25 1) - 24
AP{H(AP{E N Precision-Recall W £k Fir £3 [l 04 18
B mAP, s RAET 32 LA 0. 75 1 [ 25 119 - 2
AP {H , mAP, ., A T 28 I Ho X ] K [0.5:
0. 95 1 (9 X 2% (1) - 24 AP{H .

¥ % (Precision) f{.3¢ PCBNet Tl 1E #f (1) 1E
FEAZCH 58 i) EREA R B Z 1, H A

W o Precision 3¢ fiE T PCBNet T | ) i
.
Precision = _m , (4)
(TP+ FP)
Horp s TP AR 3 I A F0I A 1E RE AR K, FP AR R i
FE A e 1 T Ry TEREAS
A 11 2 (Recall) 1.3 PCBNet F Il B A 1 1
it T ) TE A AR 55 BT AT T DF A AR Y OE i 4 i
Z W, RAE T PCBNet X IEFEARM A 2R . H
HHEALWT .
Recallzi, (5)
(TP + FN)
Horbr , FN 275 1EFE A Bl A 152 b 5000 4 SRR A
mAPRE A NS4 APAE, H AR
R AR 3 i — 288 i %) G T AR

1
AP:J P(R)dR, (6)
0
‘LIAP,»
]\] ’

mAP =

3.4 HELLE
3041 ALAAE R AL )G 694 E ATk

5 R R B A T A RO AR X A
ST FATIRE , LI A AR A s . fEFR AR
W4 1T YOLOX-S, YOLOX-S Al A 4 32 42
#) SFEM #i . YOLOX-S 5] A SPD-Conv, YO-
LOX-S i A A 34 i) DeConv, YOLOX-S Jil
A SPD-Conv A K SFEM # 8t | YOLOX-S fill A
SPD-Conv,SFEM #5k L) & DeConv,

e 4 rh LAY Y Rl S e A5 AR ] T R Y
SFEM fii 18 5 ¥ 9 mAP,, I\ 92.5% & I+ &
93.6% . SPD-Conv 7E#F47 [ R AE Ay 1 72 p S i
S8 b O BT PCB 3 ISR BE 915 2, 15 YO-
LOX-SH# mAP, ;)N 92. 5% T+ £ 94. 3% . St
[Fi] B, X 50 9 1 4 3 3 LT A 15 R 2 1
AR, $4 1 DeConv i I 7E YOLOX-S
B 3+ 0] U5 YOLOX-S 8 mAP, s )\ 92.5%
I E 94.5% . A A YOLOX-S F T34 in
A DeConv.,SPD-Conv L J 55 AF 4 75856 43 Jin
A SFEM Bt J5 , YOLOX-S B mAP, ik 3| T
95.3%, 1 3 F J& &5 19 YOLOX-S 5 i #& 7t
2.8% o KU, AR SCHERE R 4 dsc 5 — 4~ TH RlR
R AR S B e AR I FLUKE A R 4y 4% O PCB-
Neto Xf WA LLAE A SR A AR TE T35
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Tab.4 Results of the ablation study

ik EGERSE mAP, /% MAP, 5005/ % Params/Mb ~ FPS

YOLOX-S 640 92.5 60.8 8.94 106
YOLOX-S+SFEM 640 93.6 64.7 9.73 89
YOLOX-S+DeConv 640 94.5 64.6 9.36 90
YOLOX-S+SPD-Conv 640 94.3 64.9 13. 64 100
YOLOX-S+SPD-Conv+SFEM 640 94.8 64.7 14.43 90
YOLOX-S+SPD-Conv+SFEM+ DeConv 640 95.3 65.0 14.85 86

2 J B D B A 3L SR S A A T D G R A TR R
AR H 2 AE B SE R PCB it 3 A6 00 45 38 b, 1F
B b K D0 5 PCB 2 T 1) e B B AG: 0 1) 3ok 2
L A, PCBNet 81 1Y 2 B0 il 45 H A
e A& FAE MW ). Bk, PCBNet #
TE B B Ry S5 A4S R T 5 Al Rk AT 2R A M
B LK o
3.4.2 PCBNet#: % £ 4t

PCBNet H1 8 DeConv H i [ 7 38 38 &1l 4 £
B (r) R T PR 5 38 R 53 7 B0 S5 DR AR R 1 kG
BER O LA 2 fe e py ) R RS54
H T DeConv H, A6 Y r{H X} PCBNet 5 12% B9 4
R . P AR R, Y =31, PCBNet Jt /%
TR mAP, 5, HA R r BUE % 685 2 5
R Y r=21}, PCBNet #9250 W] B3 Ky
[l A, & AR Z2 4015 (5 B S SO AL 3 T R Ak 9
G, M >3 il A I A R AY A TE B0% R
A A 4 JR AR B R K, 0 TR 30T R A M g
FIR Tk o PR IE , A SR f 2 1 38 T8 3 4 2 80k 2
hr=3 R AT 4T K TAE

B 7 AT ) 38 1 R 53 7 B2 % PCBNet A1
AE 3 B W b, AN ) 9 23 R 4] At 23 %F PCB-

x5 DeConvAA[ErEXNREEREERNZMN
Tab.5 Impact of different r values in DeConv on the opti-

mal model accuracy

Jrk mAP, /% mAP,.,./% Params /Mb FPS

r=2 94.6 64.7 15.92 85
r=3 95.3 65.0 14.85 86
r=4 95.1 64.9 14.54 87
r=>5 94.7 65.1 14.41 87

Net i ¥ A8 ok — 8 FEEE M 52, X b, AR SCHE
W R EE N r=3 W ET R HAS [R] 1 5
i LA % PCBNet #EATH Ak o MR SCR™ 1k 4
TR H TR BRI RA S BT T A
NSy . FEFR 6, MR G R 2,2,2,27
BF %23 W R 20 G B /N A VBCR T 1, i ™ A
i gridding effect [n] 8 5] 2 1 % Jy 7™ 1 ) 2% 1R
o ZSIRAA N1,2,1, 2" BRF AT SCR™
B M2 i 232 4 T T I, H R s I R 2 G B Y
JRZ BN o PRIV R R 47 b 2 T PCBNet Xf
PCB 3R M BFE R T . 7 . M2 TR H AR 1,
2,5,7",41,6,12,18" A ) “1,2,9,12" 1}, 25 i &
FRURZ BT o 0 Bl 1) 7 A 28 o0 R =2 [R] Y die K IR
AL T BB RN B RS BT R Y PCB
RIEBPEE B EK. Y= WEHAE5H1,2,3,5”
i 30 916 SC kT I FL AT AR M O e T gridding
effect [A] /81, mAP, ;48 5 95. 4% 11 fe A4 4G I kG 2
flf X F 4 5 7 AR B AR Ml o 08 95 O 1y At o ¢
R

&6 PCBNetEFTMABARFMT KENREEBBER
A1
Tab.6 Impact of different dilation values in the backbone

of PCBNet on the optimal model accuracy

e mARP, . MmAP, 5.0 0 Params EPS
/% /% /Mb
2,2,2,2 95.0 65.4 14.85 87
1,2,1,2 95.2 65.3 14.85 88
1,6,12,18 95.3 65.0 14.85 86
1,2,5,7 94.9 65.0 14.85 86
1,2,3,5 95.4 65.5 14.85 83
1,2,5,1 94.9 65.0 14.85 87
1,2,9,12 95.1 65.2 14.85 86
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3.4.3 BAERBAHERKT 6 AL

A OLT I ZRRE A B H 1 728 AL AR 2 X 5
MR R . A T B8 TR AR S Ik A R TR
YIRREAEH 0, A 5250 R IR R AR
BOH R BREAR R 80%,70% LA K 60 % X PCB-
Net AT YNGR, LLUK IE & # Pk o H 49056 45
I AER 8,

8 Y S G 45 R KW, PCBNet 76 A &) Il 25
FEARZCH T M HERE 22 5 A K, Y HEAR ST % 2
70% W}, PCBNet B A& FE 48 b5 mAP, ; Fl mAP, ..
SR RE0.2% F10.2% . BEJS M FEARBCT
F| 60% W}, PCBNet [y ¥ £ 1§ #5 mAP,;
MAP, o.M F 0. 4% F10.3% . HHE T Il %
FEA Ky 80 % Bf , PCBNet (4 BE I 8h 76 0. 4% =2
WL R TS S X R B R
PCBNet BB B8 £ filt D FEA BYAE 5 T , %F PCB 3K [
BB AT HERR L

F®7 AREINGHAEHE TREERS T
Tab.7 Performance statistics of the model with different

numbers of training samples

T mAP, 5 MmAP, 5.0 Params EPS
/% /% /Mb

80% 95.4 65.5 14.85 87

70% 95.2 65.3 14.85 87

60% 95.0 65.2 14.85 87

3.5 5HMAEHRLL
3.5.1 LHHAfbmEEEAL

TESEBR A T ARG I H , PCB 28 T i 5 46 I 75
SR QR IE 0 HER R AU T4 T 38 K A B Ay 4 2
R DL R B D S e . R, AR S 30 R 5 AH [
19 3F H 48 Ar i AT LRI BE 2% 2] B (YOLO-
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naNet"" , Yolov5s, Efficientdetvl™ , YOLOV4-
Tiny *, YOLOVS, CFPNet, YOLOX, MDVI™
RTDD-LCD™) (¥ REXS Lo R T W] PCBNet
B AT ST AR IS B SE AR R Y OLOX B s il
m WA AT 1% o

F 845t T PCBNet 5 H Al Jr i (58 7 4 1L
g5 K . MR BLA Y, PCBNet £E mAP, 5,
MAP, 5, mAP, ... 3% JLA PCB 2% 11 Sk B & il 14
R AR A B R AL T HA 575 . PCBNet i

SRAE FPS L) J Parameter 3% P38 b1 (4 F Cen-
terNet, YOLOV4-Tiny, YOLOV5-s, YOLOVS-
s, YOLO-PCB,MDVI LA K FZE#E# YOLOX-s,
RFEREE 1 R IH 2 B M . Faster-RCNN
BA RS R 0 e B R R AR AR 22, L LR 7R MR B
FH 5 T B A PCB 26 T i B 19 R5 AF 32F 17 58 48 b
2#>) o CenterNet F& 3 1y & (9 700 Jr =0 A6 5 5
5224 1) PCB 2 I 6 B K A 55 vh B g 3R 345 A
JERE . RetinaNet £+ 1 fll& 5 i b B9 = AN 4915
JZ 3 IE B A ] BT R RRAE R Al R
W T2 R AE T A 2 5 BT K 45 B0, Efficient
Detvl fff Fl 9 BIFPN i H] 1 52 2% (1% 25 #4) ok #E 47
RFAE B8 I, 2 7 5 45 ) 24 ) HE B R FE . YO-
LOV4-Tiny, YOLOV5 LA & RTDD-LCD fif Ji 3%
A4 HE 1 W0 J7 AN R AR 4 Hb v xR R B 2 2
A8 PCB E 1 B . YOLOVS Fifi 25 H: N 4% 1% i 3%
Jn, PCB R BB A (5 B S BEE K,
PR A R B AR 8 . CFPNet I BEAR 47 Hh
¥ PCB 2 1 5 b 19 8 505 5 LK 28 AR IE A B
HEAT 4R A, PRI 6 T PCB 22 T8 Bl B4 19 46 I HG oK A
KL MERE . FELREI YOLOX B R
FE T Bl A9 K & 4099 5 B & K UL SR Be ¥ PCB
T G 573 AR AIF 1 B R AR ¢ R AT A 3, (A L
X PCB 32 T Bk A6 9 8O R A

B H A X b Ty Rk A R R L AR SOy
PCBNet # 5 42 H B9 DeConv 78 73 #12% 3] PCB %
AT 6 B 1 200 99 15 B D B & Jm {8, SR IBUEE Jin 5 3
1 R % B - Bt (SPD-Conv) /0 T [ R FE ] PCB
M B AR AR B R R .l AR 9 SFEM AR 3k
5 B PCBNet ## B T PCB 2% 17 il [ 57 1F /9 28
5 BLA R 55 B 33K T PCB 2 Sk B RRAF 1Y
& Ry KRR O &, I FURE PCB 3% T Bk 9 007
{5 B AT T R A, SE3L T X PCB 2 1 40 i ks
E Y3 5 . 76 3R 8 530 v v 3R B A A ) A TR
B, BAR PCBNet Z28 7 &4y U L3, (H )2
1E PCB 2 Bl [ 46 0 45 3% FP'S {535 3] 43 # 83 i 2
RERE W21 . PCBNet MUHY T BLA B 1
K 5 R 22 18] A ™ E O P ) 8, T HL AR U
AN ARG T[] B 3 31 A 345 > 1 4 R
3.5.2 i tbgikeg At

W2 &1 10 v 45 o 5 325 1) o] A0 Ak 4G T 245 SR 5
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Tab.8 Results compared to other methods (For statistical convenience, aiguille is simplified as A, disymmetry is simpli-

fied as D, holes is simplified as H, and Interconnect pad is simplified as I-P)

AP, .(%) mAP, . mAP, .. mAP, .. Params
T FT EP
A D H P /% /% /% /Mb
Faster-RCNN resnet50 61.8 63.8 66.7 85.3 69. 4 15.3 28.5 30 136.75
CenterNet resnet50 88.7 91.7 95.3 92.7 92.1 61.0 55.2 101 32.67
RetinaNet resnet50 83.8 87.9 91.8 92.9 89.1 61.0 54.9 53 36. 39
EfficientDetv1 EfficientNet-BO  50.8 68.8 71.0 86.2 69.2 25.4 32.7 33 3.83
YOLOV4-Tiny 63.7 84.8 89.6 89.1 81.8 28.3 37.9 192 5. 88
YOLOVS5-s C3 80.8 80.9 92.0 91.6 86. 3 56.0 51.0 92 7.07
YOLOVS-s Ccaf 90.9 93.9 94.9 94.4 93.5 76.8 63.4 114 11. 14
CFPNet — 87.7 90.6 96.1 96.5 92.7 71.9 60. 8 89 13. 14
YOLOX-s — 86.7 92.1 95.6 95.5 92.5 72.3 60. 8 106 8.94
YOLOX-m — 90.8 92.1 97.3 96.4 93.8 75.5 63.0 74 25.28
YOLO-PCB — 54.0 80.0 89.5 64.2 71.9 65.8 52.6 95 8.9
MDVI — 75.8 87.7 94.0 93.9 87.8 43.3 46.0 161 12.22
RTDD-LCD — 68.8 86.8 93.9 92.8 85.6 34.9 41.6 73 25.08
PCBNet — 91.2 94.8 97.4 98.2 95.4 79.0 65.5 83 14. 85

UMb AT X 3 5 TR, X 8 SRy DA X A3 R R
S A 0 R T A B T DL AT AR 4 R . AH
BT 3 4R AR YOLOX A & Hi At )5 15, PCBNet
A & B n R A B2 o %k e L DX 43 18 r
2 VAR N 08 R P IS e o, Al D75k A I R A I
23 LR R mY 4505 B, PROHAE 34T 3 PR 2 G i
B TR I S A5 W Bz g o bR sk 2 e i AT
WU, PCBNet 77 2 75 /2 1Y 8% 32 BF DL K 58 43 1) 42
JRy VA AR BN . a2 RRAE A T X
T PCB 2K M Bk B 1 U0 A Af 5k o SR, X 26
B {5 B HR S Bk PCBNet Z M HAh 7 16 fr A B 4%
B, 3 A5 3K 26 5 vA AE #EAT PCB 2R I 8k A I e
23 BRI 10 o H A T A6 19 1 2 -
3.6 PCB Defect—-Augmented {3 & L R I&1E

A S 38 ) R[] 68 TF A A L 78 28 T B Hs 4R
PCB Defect-Augmented"” % PCBNet 1 % {4 £ fig
HEAT ZE VE 0 AT A4 LG RN S £ ) o
3.6.1 SEtbFikeyE EaTI

TE 52 96 TF BRI, A8 SO 9 1 1% Ll 451 % 24 JF
BG4 PCB Defect-Augmented #E47 T BHL I 4,
BB 5 Gt R a2 TR I, [
i, A H Python JIA A 4 R 73 % 4 250408 48 % 42 Ky
COCO # AR AT LI . 76 A FFEUE 4 B XA

D AT X i S RN 10 s . b ol T
PRAIE 5250 19 28 - M AR SO e A B i S 80k
S A A, AR A RCSE 58— SR 640X 640, HoAth
BHOE S 3. 5 R — 3,

3 AT 10 R SR 45 R 5 & L, Faster-
RCNN /i B 15U B8 7 22 ) 3 3 1 M 45 1 g 11
S22 /INREAE G BT BE 00 A2 e A5 ARG YA B RN
1 o CenterNet R FH #4 Jp 18 30 I 32 47 43 24 i ]
AN B AR G b DX 43 5 75 S5 AH BLRE 8 A 3% I8 66
EfficientDetv] {iff F /) ¥ B 0] 43 55 4 B2 4R iR %
Yol /D 1) 4% 1) 2 B0 (R 33K () AR Ak T 0 2% 1
KRS ¥ . YOLOV4-Tiny . YOLOVS5 % % F
BHE 1 T 5 =X, %P IE A 2 AR Y PCB 2 1 SR
& N BE SIS R . YOLOX it = %t PCB 3 [
b4 Jm M B 5 4070 05 B R 2 20l 7 B 85 1%
F BRI TR R FE R R T K& ) PCB 2 I 5l [
A5 o LRk A % & PCB & I 6k
(92 A5 R C Bk 1 PCBNet 0 3 i i F De-
Conv ¥ BB 1Y 4 )5 15 B 5 40755 15 5 9 B 2 R AE
P, fili 45 0 265 Sk AT T R Y T IR ISz B ki
A RCR B PCB 2% T Bk B 5 & FSE & #1L1) SPD-
Conv #E17 B R BN /D T PCB 2 1l - B H5E 175 18
)% 2K s i SFEM M4 58 T PCB 3 Ifi it B 5 1iF
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Fig. 10 Visualization of detection results for each algorithm
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Tab.9 Dataset splitting
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2 BURE 77, B 1 PCB 26 i Sk b 300 . B8k
PCBNet (1) mAP, 5., o 16 #5 AHXF T YOLOX-m f
G AR FE SE PR ARG B Sk T8 R 22 Bk s R T
fE M A 4 o8 4l H 2 ToU B{E I E R 0.5k
HEAT WM . X il 13 7 mAP, ., mAP, ; #
MAP, 5. 03X = G bR T mAP, , {9 5 Z Pk i %

o 22 A R TJ5 ik, PCBNet AU AE PCB
Defect-Augmented B3 T mAP, , 5 #5 & ££ 9 K
MRS BE 99. 5%, i fig LA 83 Wit /Fb Y 3 JF o 47 #E
P, ERIAY R S8 i, 14. 85 Mb 1y 2 4 i
{173 PCBNet 76 5 by Tl S5 4750 B 9 A — &
M 7
3.6.2 L HEAfhT ke ki

10 Y AT RE Ak A6 I 45 2R AT DL Y, PCBNet
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Tab.10 Results compared to other methods
T Y 155 Y Ji A FF mAP, /% mAP, /% mAP../%  FPS Params/Mb
Faster-RCNN — resnet50 72.6 11.2 28.4 30 136.75
CenterNet — resnet50 97.7 46.3 52.1 101 32.67
RetinaNet — resnet50 92.7 43.4 49.3 53 36. 39
EfficientDetv1 — EfficientNet-BO 85.6 38.6 43.4 33 3.83
YOLOV4-Tiny — 97.2 32.6 46. 6 192 5.88
YOLOV5S s C3 98.3 60. 0 56.6 92 7.07
YOLOVS s c2f 99.2 78.4 65.2 114 11. 14
CFPNet S — 98.8 65.3 59.3 89 13.14
YOLOx S — 98.2 59.6 57.0 106 8.94
YOLOX m — 99.1 86.7 76.5 74 25.28
YOLO-PCB — — 96.7 71.5 61.3 95 8.9
MDVI — — 98.2 41.4 50.5 161 12.22
RTDD-LCD — — 97.6 39.0 49.1 73 25.08
PCBNet — — 99.5 88.7 73.2 83 14.85
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Fig. 11 Visualization of detection results for each algorithm
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