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Integrating wavelet transform convolution and knowledge
distillation for efficient PCB defect detection

Liu Chunjuan,Zhao Haoran,Zhang Mingxuan, Yan Haowen, Wu Xiaosuo

(School of Electronic and Information Engineering, Lanzhou Jiaotong University, Lanzhou 730070, China)

Abstract: To address the challenges of complex defect morphology, strong background interference, and the strict requirements for real-
time performance and lightweight deployment in printed circuit board (PCB) defect detection, an efficient lightweight detection model
named KDYOLOVS8 is proposed in this article, which integrates wavelet transform and knowledge distillation. Firstly, a Star-YOLO
backbone network is designed, utilizing star operation to map input features into a high-dimensional non-linear space, thereby enhancing
feature extraction capabilities for complex defect patterns while significantly reducing computational redundancy. Secondly, the wavelet
transform convolution ( WTConv) is introduced to decouple high-frequency defect details from low-frequency background textures through
multi-resolution analysis, effectively suppressing noise interference and expanding the receptive field without significantly increasing
parameters. Meanwhile, an EMBFPN enhanced multi-scale bi-directional feature pyramid network is constructed, employing a bi-
directional information flow interaction mechanism to strengthen the fusion of deep and shallow features, addressing the problem of small
defect feature dilution in deep networks. Furthermore, a channel-wise knowledge distillation (CWD) strategy is adopted to guide the
lightweight model in learning the channel attention distribution of the teacher network, compensating for accuracy loss caused by model
compression. Experimental results show that, on a public PCB defect dataset, KDYOLOvS8 achieves a mean average precision (mAP) of
97.1% , with a model size of only 2.9 MB and an inference speed of 117.3 fps. Compared with the baseline YOLOv8n, it maintains
high accuracy while reducing the volume by 52. 5% . In cross-dataset generalization experiments, the detection accuracy for subtle defects

such as “mouse bite” and “short” improved by 1.9% and 1.6%, respectively. This study effectively balances detection speed,

S H 1. 2025-07-23 Received Date; 2025-07-23
* SEETH I TR BAWA” AA G SR H (W2023-QLGKLYCZX-034) % Hj



88 f# £ ¥

a6t

accuracy, and resource consumption, providing strong support for industrial deployment in resource-constrained environments.

Keywords : PCB defect detection; object detection; lightweight model; knowledge distillation; KDYOLOvS; real-time detection
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Fig. 1 KDYOLOvS8 network architecture
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TP + FN
3 AP(i)
mAP == (13)
n
AP:flP(R)dRz S P(k)AR() (14)
0 k=1

PR I3RS B 3R ] 538 RS B 25 B Az 0 v
B3, 4 10l 5 S W R B 5 TP 3278 FLIE )5 FP o (B
IEBI; FN Fon BB s n FRBREEZETIEL

3 KBWERKLN

3.1 FIREIBREE ST

1) AR ZEM 7 2 PEREXS L

TEIZSLYH  HOM R4 [ 72 CSYOLOV8s , 2L M 4%
[t %E 3 KDYOLOV8, Z& MR T=2.0, fEULBCE T, 7000
K Z P U2 R AT S 45 RN R 2
FEBOM R AT HE L1 L2 B £ 85 55 28 8 ( bridging cross-
task distillation, BCKD) fRFEFFLLP:HITRZ&18 ( similarity-
preserving KD, SPKD) "™ & CWD %559,

R2 ARAHRBHENLRERILL

Table 2 Comparison of experimental results of

different distillation methods (%)
IR P R mAP
L1 96. 1 92.3 95.7
L2 97.3 92.8 95.4
BCKD 97.5 93.0 96.5
SPKD 97.0 90. 4 95.6
CWD 96. 1 95.7 97.1

SCR SR B, CWD AR 45 R A b 3 R A
B, HAER R B R 96. 1% , A IR K 95. 7% , mAP & ik
97. 1% , XFPPEBEOL F =223 R ol AR (9 AR B ML
il : CWD 38 2k YA — A 380 308 VT {8 d5e /MO 55 2 2R 1)
L) ) KL R, AR 3 27 A 0 £ 5 =] 240 Ui 9 26 7 388 18 2
B SRR 3 A AN AR 187 BRAR A7 42 Jm) FRRAE AR 2K
B

S A TRREAE B FF 0 L1/12 2808 5 ik A L,
CWD AN 8 T30 38 (8] 5¢ R I 25 F Ak > A &l 17 IT
AAr BT, [FE, KL SR AR b X = T G Y
BRI, b — 25| 528 A W 45 0 0 2 >0 S i [ U (1)
R, X R [ 3 N ACEE 3 BCHLE ek T AL S 72518
D5 HPASCER AR AR 1 ) A 3kt B X Uk ELAEL Y FE A AR IR 1Y
f BEAE
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g5 1 MR T H A ZE AR O 2, CWD RE ST 75 Hhis
IR FH 200 90 2 T ) AR B AR A S A R i A 2
A 45 BRI E J1 . DRI, AR SCHR R R CWD FE R
KDYOLOvS [ HIAZEI M , LA T A 7E PCB SRR A
DT 55 Hh g s A b RE

2) ANIE) T R 4 B PERE X Fb

FEAR S5 v [ A2 250 7 O CWD, 24 A 4%
KDYOLOv8 , Z& i B I B T=2.0, AR EH
W25 HEA T 2RI 25, SE R 25 SR ANk 3 o

R3 AREHIDMEHLIHE R

Table 3 Comparison of experimental results from

different teacher networks (%)
HO 2% P R mAP
YOLOvS8s 95.8 87.6 92.7
GOLD-YOLO 92.0 93.2 95.0
Mamba-YOLO 94.9 92.7 93.4
LSKNet 2! 92.4 88.6 91.7
PKINet 2! 93.3 91.4 92.8
Swin Transformer 85.9 84.5 88.7
CSYOLOv8s 96. 1 95.7 97. 1

SER IR AN R 200 24 A6 SR ZR AR b i R L 2
2, FHrd, CSYOLOv8s 11y 20T ) 465 Bif 2 Az I 45 1)
HERIZE(P) B RIZE(R) Fl mAP 431555 96. 1% 95. 7%
F197.1% , & L F H AW FON W 2%, X — 45 /A5 55 F
CSYOLOv8s £t PCB il i H 2 40 K AU A /s B AR 1Y
PACTE T, (274 X 45 76 55 1 Ab 2040 T B A% B 4 ThT M il
P& H AR5, NI 0080 e K A

MIELZ T, 2R FH YOLOvSs 1 Ry 20U 9 45 i, A5 2
AL AR T R R R S (0 A 9] 22 F0 mAP R A
SR, XA REE T YOLOv8s Bt = % £ REEHR1E Y
FeoriA S, SO/ B BRI R I AR
e Ry 2 A N 45 SR AL R B I ATk TR FE 5

ZEGHT, CSYOLOVSs 3 it 1 18 2% 6 18 7 18 5F s
T T KDYOLOVS A4 iR RE, 300IF T HAE ) PCB
SRS RSN AT 55 S5 P00 I 6% 1 AT Ak S A
I, AR SCHEHE CSYOLOV8s /E2A KDYOLOVS i i 2 i
R, DA K AL ZE IR 5RO 48 T8 e AR AR A Tl o, op
HIRSIGE /7

3) IRl % B PERERT L

FEIZ S 96 v [ A2 2808 O Tk CWD, 200 I 4%
CSYOLOvSs , ZRIBIRE i B N T=2.0, HEZM ERR
ALV Ry A 4 SRR A5 RN 4 TR,

R4 FRIFEMERLILERITLL

Table 4 Comparison of experimental results with different student networks

A ALK /N /MB BHE/M GFLOPs P/% R/% mAP/% Wi/ fps
EfficientViT!*) 8.4 4.01 9.4 94.3 90.0 93. 4 39. 1
Fasternet| 2 8.2 4.17 10.7 90. 5 85.6 91.4 107.5
Ghostnet! ! 3.6 1.72 5.0 9.7 88.4 92.6 104. 6
MobilenetV4 4.2 2.25 5.4 95.8 90. 4 95.3 128.2
KDYOLOvS 2.9 1.36 5.5 96. 1 95.7 97.1 117.3

NS AE AT LB Y KDYOLOVS LA 1. 36 M 5%k
5.5 GFLOPs WA & S TR AEMERE, 275 3R
T HAh2z AR, AL Z T, EfficientViT /48 18 o H
I 2H 73 2 7 ( cascaded group attention, CGA) =8
TR R 74 I Transformer ZEA7E GPU _E (¥ INA77
TER IR, 29 T L BRis 17808 . GhostNet W3 1
VIBRAFETUR SE B S B 4, (R FLUR FE ] 43 25 5 AR 3
SRR S BOE UE B FEEXT T /NRST PCB it
FA PR RSOR T R

KDYOLOVS F Lk i 3= 22 05 PR F FL A R (9 15 R
B RO Y ELERAE BB K A RRAIE = S e ) 3 3 4R
LRMEZS ], G T A% e % e A B 8 A7 BT 4R 1k AR 1 36
brsy i N i B S T e W s = W v DT i O 10 =
JFES, Ah, KDYOLOV8 £ Y EMBFPN S2BE 1k J2 %5

(AT SR 20 U B S A A, A AR T T oRFE
RN BARRHIEAS B A 2% [al

25 LAk, KDYOLOvS 248 M 28 AN TE 5% Ak 5 1T
SRR I 5, 340 Rl 5 g b 27 2] VR )5 200 00T ) 2%
PR IZ AR R | o Je L il B Ao AT 55 4R 4L T 5 A5 )
P AR S HE oo R BT HAE B2 U5 A2 BR Tl 3 5t b i) g
M,

4) AR ZEIR IR O PEREXT Eb

MR (T=1.0) W, it oA T < BEE AL
AR I B R A R B2, M LA 2 2 AR R X 3
2 & PR Bl BRI AN S (3 £3 2 NP Ay = =P T 95 0
B (T=3.0) BAR T3] 57 2 3 1 e 3 (03t = i 15 B
T T BORRE R 055 T RRAE A 4

25 b, OO AR 5 oy 3% BH BE B3 10 208 e B X
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Table 5 Comparison of experimental results at different

3.2 iHEh=IE

Shy 58 TIE % 2 2 AE B Xof 5 A 1 R A 5 e, AR SC L
YOLOvSn VB Ry RLR AR 5633 500 T —2H 28 45 i 31 il
SeB, HARSII SN RN 6 R, bV FOR %S
vl T X AR

M 6 LSRRI LUE 5, B 7 SE A il rh 42
B Star-YOLO F T M 4 (BARL 2) J5, A S 8 5

distillation temperatures (%)
promm— . P — GFLOPs ¥ 3% F &, i mAP JEA(RIEAZS B3E T Star-
YOLO 7ERERAR RIS % i 7 1H0 1 A 20, EMBFPN £53k
0 oot 22 73 T2 R R AL A A ) 0 mAP 427} T 3.8 A
»0 o 7 o 5388 TR 4 R B8 85 8. 0% , R I A U5 20 5
3.0 5.4 o1.3 %9 23 [0 518 AT B, 53 B 6] /Iy B A e B A R 0 1 g
6 HEXINER
Table 6 Ablation test results
LAY EMBFPN  WTConv CWD ﬁ-iij; SBHE/M  GFLOPs P/% R/% mAP/% W%/ fps
Baseline 6.1 3.01 8.2 93.5 85.2 92.1 113.6
2 vV 4.5 2.21 6.5 93.3 87.2 92.4 120.3
3 vV 4.4 2.12 7.1 96.2 93.2 95.9 109. 0
4 vV 5.5 2.67 7.3 93.2 88.5 93.0 117.8
5 vV 6.1 3.01 8.2 9.5 95.4 97.4 113.6
6 v v 4.2 2.03 6.1 95.6 88.0 9.6 118.0
7 v v 2.9 1.31 5.4 91.8 92.0 96. 0 110. 6
8 v % v 2.9 1.36 5.5 95.3 91.6 95.7 117.3
AL vV v v v 2.9 1.36 5.5 96. 1 95.7 97.1 117.3

JL4E EMBFPN ROZ5 38 N 7115 2 4= B, 33K fps B
F R BBk AR 2 B

WTConv FEHGHE 1T AT RURAZ B AL XA B,
PR AR 73 0] R LT 28 88. 5% , Wi 1 L 22 A 1o 45
FEBETH/IN BARAS 8 0 O T ) TR, (EAR T R AR,
MR SR A CWD S 7FIR 20 (R S) 75
HEIAE A Z 80 A 2 50 F K mAP $27H &
97. 4% , Fu 43 UE B T RN IR ZR IR B AR A6 TR R iR 1 AL A TR
FERAR T T Y S E R

2, 4 A BEH U [ 4 B, BV S 80 AU
1.36 M GFLOPs Y/ 5.5 B2 144 F, B8 T 97. 1% 1Y
mAP PRI T AR I 5 U5 AR A I B ] A AR
5, X TR UL AR AR RRIE BRI 2 RE Al & Az B
PR 5 R E B g RS P R RO, R
KDYOLOv8 (1) 58RI BE e 1 LAl

A F2 7 7R T KDYOLOVS 5 YOLOv8n K4k
£ 6 25 PCB SRR MAT 55 Hh i X F 25 51, SEI0 3R B,
KDYOLOv8 7EJUT A7 6 JS B (K il rp X540 F SE L psi A

JEHIEAE BRI TR A B 20 L, 2y Bl T T
11.0% 4. 6% 1 9. 0% , X BEL5 Rt — LIk 1 Fir $2 1
T SR DR SR B A U AT 55 Th AT AP S I3

KT TRGRIEH AP ER3TEE
Table 7 Comparison of AP results for different defects

(%)
[Pl YOLOv8n AR e
AL 99.3 99.5 0.2
BRI 86.8 97.8 11.0
I i 92.0 96. 6 4.6
barkicd 93.3 94.8 1.5
B 87.4 96. 4 9.0
4 96.7 97.3 0.6

WE 6 iR, 3G S B KDYOLOVS BTN (Y i 35 42
F T ARG B I8 5508 /0 T YOLOv8n 4R AR A7
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Fig. 6 Comparison of defect detection results

“ TR BT BRBE R P SR IS, LA KO < T i 1 T
KAB oL, B K Hb 2l 36 7 PCB (B 4 46 0 %) v 1 1k 15 AT &
P FETE TR AR A5 AN TR O 5
3.3 Xftbxie

Sy 4 T I UE BT B MRS RN 0 AT R, AR SO T
YOLOv8n FY R (KDYOLOVS ) 5 £ % 3 H ARG
BEAYHEAT T XF Lo #r , SEER 2 SR N 3% 8 Fw

®8 FMEEXWHER

Table 8 Compare experimental results

" B B0
A GFLOPs  P/%  R/%  mAP/%
AN/MB /M
RT-DETR  106.2 29.28 105.2 81.0  76.2  83.4
SSD 93.2 2629 627 79.7 61.7 75.6
CenterNet  124.9 32,67  70.2 92.3 856  91.9
YOLOVS 5.3 250 7.1 952 813 9.7

YOLOv8n 6.1 3.01 8.2 93.5 85.2 921
YOLOv10n 5.8 2.27 6.5 91.3 88.0  94.4
AL 2.9 1.36 5.5 9.1 95.7 97.1

X AR AR [, KDYOLOVS 754 10 55 2% i J7 [ 3¢
P RS, BRI, KDYOLOVS AR K /MY N
2.9 MB, 2% 4 1.36 M,GFLOPs Jy 5.5, ¥ i3 /NTH
Al HEARRY | FE AR B T AR e A 1R T T T A 5 HE AL
IR, BEAS S G bl e 55 ) A2 BR A Tl A S ot R
5.

TER I RE )7 T, KDYOLOVS (MUERG L5 96. 1% ,
AR A 95.7% , mAP ik 97. 1% , AU T8/

RRORVHUASE 551035 2% B ] b A TR J3E 1 S T s —
BARTE

CRERA  XBEHIR T IE W] T AR SO T Y PCB
AP B A N A8 28 A A e AL 5 RS B 2 IRk R T R B
i, Fogg R RIS TR S 4 O (e, RS Tk 2L
PCB R B ) S I e AR D S AT 0 S8
3.4 Ziah

S UE PR RS 432 AL RE ), A SCTE 2 T Bl 4
DeepPCB [ ¥ 1t If JF & 7 — 40 5000, SC e 45 R an 3k 9
IR,

%9 DeepPCB HEEXT L LG 45 R
Table 9 DeepPCB dataset comparison experimental results
(%)
i) e R EBR B HHL R map
RT-DETR 94.4 91.2 944 941 941 953 94.8

SSD 91.4 93.5 92.7 95.2 93.2 953 93.2
CenterNet  98.3 92.3 96.4 97.4 97.1 97.6 96.5
YOLOv5 98.3 94.8 98.3 98.7 97.9 985 97.8
YOLOv8n 96.7 95.3 96.8 98.9 97.6 97.9 97.2

YOLOvlOn 98.5 94.3 98.0 98.2 97.7 98.1 97.4

A 98.6 96.9 98.2 98.1 98.0 98.7 98.1

539 iy L Ah X BB L AH B, KDYOLOVS 7
DeepPCB 34545 I R I 5, mAP TKH] 98. 1% , I Lk
BERUERTE 0. 9% o e 2 e BRI T B BB 1) A )
H AT BIRTE T 1. 9% A 1. 6% , s H B0 A 40 B s
G RE ST
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Fig.7 Comparison of inspection results of Deep PCB datasets
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