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detection for printed circuit board assemblies (PCBA ), due to small target sizes, dense distributions, and
complex backgrounds, this paper proposes an improved RT-DETR-based detection method. First, to
overcome the limited global perception capability of the RepC3 module in multi-scale semantic feature
fusion, a local and global collaborative enhancement module is introduced to enhance the model’s global
understanding of multi-scale features. Second, a frequency-aware upsampling module is designed to
effectively mitigate feature center offset issues caused by traditional interpolation-based upsampling and to
improve the model’s responsiveness to key regions. Finally, RepViT is adopted as the backbone
network, which improves feature extraction capabilities while significantly reducing model complexity.
The proposed method is evaluated on two datasets: a proprietary PCBA pin solder joint image dataset
collected and annotated by ourselves on industrial production line and the public PKU-Market-PCB
dataset. On the PCBA dataset, compared with the original RT-DETR, the proposed method achieves a
31.44% reduction in model parameters, a 29.21% reduction in computational cost, a 9.88%
improvement in mAP;,, and an inference speed increase to 84.74 FPS. On the PKU-Market-PCB
dataset, it yields gains of 6. 75% in mAP;, and 23. 10% in inference speed. Overall, the proposed method
significantly enhances detection accuracy and efficiency while maintaining a balance between computational
cost and real-time performance, demonstrating strong potential for practical engineering applications and
further research.
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Tab.1 Ablation experiment on PCBA pin solder joint image dataset

RT-DETR LGCEM FA-UpSample

RepViT mAP,/% mAP,/% mAP..../% GFLOPs Params/M FPS

N/ 74.9
N N 79.6
N N N, 81.0
N N N N, 82.3

74.0 58.8 63.92 49.80 73.60
79.2 63.8 58.70 45.65 74.09
80.0 64.9 59.22 45.65 72.98
80.5 66. 6 43.82 35.26 84.74

T AR R R

%2 7EPKU-Market-PCB##E & FHIHRESEI
Tab.2 Ablation experiments on the PKU-Market-PCB dataset

RT-DETR LGCEM FA-UpSample RepViT mAP;/% mAP,/% mAP../% GFLOPs Params/M  FPS
NG 91.8 46.9 50. 1 63.92 49.80  97.16
NG NG 93.0 45.7 50.0 58.70 45.65 113.16
N N, N, 93.3 50. 1 51.1 59. 22 45.65  103.32
N N N/ N 98.0 52.5 53.1 43. 82 35.26  119.60

T MR R R AL

A FA-UpSample J& , £ U ¥ G 4% 22 52 T+, m AP, |
mAP,; Fl mAP..; 43 51 $& F+ % 81. 0% .80. 0% F
64.9% . R4 FA-UpSample 5 1% 5t 1) 5 48 T 5
{8 5 R AE S 880 T T AR Y H BT A 3k
HURN 53 ik Be 1, T LA RUCGE il A% e A {8 R ARy
P S R AE T O D A% T 80, PRI AT LA it e A5 AL
LORUIE SR A N Y U S ) (K SR RN
W R B ZE TR 2 N . B E R F RepVIT £
R JFRL L (1) ResNet50 321 X 4%, 452 760 3% 1A 4 B it
— Ak . & mAP, 2 T+ & 82. 3%, mAP,;
PETF A 80. 5% , mAP. # T+ & 66. 6% . 5 LA
W AL R T S S 8 W AR T 31,44 %
29, 21% , HEPE B F FPS 4R TF 2 84. 74, %45
FAPUEM] T RepViT B4 1L 5 09 FRAE 42 HURE 7 Al
BT 247 280 | B8 08 7 £ TH A DUDOKG B2 17 ] Bk 25
R AT B30 T i, 2 0 A R A A 55 v B AR ) 32
R

i 3t % 2 W[ A, £ PKU-Market-PCB %i 4 4k
b AR % A 5] A LGCEM \FA-UpSample #ll
RepViT Ji , 15 8P BE A5 2] AS W) 72 B i 4 7, 4%
TiUF6 B 19 A8 b i 5 7E PCBA 8 R A 800l 4
A B RBOR FEA AT, 3 — 2L B E T AR ST 4
D7 TR A F 2B PCB BREGAGIAT 55 h A R
LriE M . REBEAESI A RepViT Ji5 , B ALY
R B2 A5 2] W] 4 Tt OF BB T AR A

B 04T E BT AR SR R Rk B A R R X
AN TR BSCHE B i 3 T
3.5 XfLEEW

R T PEAR AR SC o aE B Y FE PCBA B I AR A
R AT 55 vh 9 25 A MR BE L AR SCREICT oAt 9 Fil 2L
AR RN bR RIS AT X S, A
SSD . Faster-RCNN , Deformable DETR .RT-DETR-
R34.YOLOvV9-c. YOLOv10-1 B & Ultralytics ]
BAJF I YOLOV5-mu, YOLOvS8-m 1 YOLO11-1,
BT A5 45 R 35 A A ) A DI 20 30 B8 5 4 — B is 4 b
AT ISR, IR 4 BB 5 s CHER 1 B 2
B 0PRSS 25 B T e 5 S IE

Xif HE S 06 45 W 3 TR, AR ST IR TE 2
KHEEMERE TR An ¥R B R R K
JE D5 T, A SCRE B AE mAP,, 5 mAP,, 4y Bl ik )
82.3% 5 80.5% , 1 £ & 46 #% mAP,., | ik F
66. 6 %0 , AL L T 1% ek I 2% SSD(54. 1% )
5 Faster R-CNN(60.4%) , #ft Fir i YOLO
Z 5 % A, A3 YOLOV10-1(65.4%) 5
YOLO11-1(63.0% ) , & W A SC 7 ik 76/ H b5
LA F 45 A6 PR AT 55 o L 45 T 9 9 6 P A
HCHRIRE ) TERT RN AR B Uy T, A SC R AL
M) 2 B s R 35, 26M, B AR I " T YOLOvVS-m
(25.86M) . YOLOV9-c (25.53M) . YOLOVI10-I
(24.40M) % 5% 7 A AL {H 35 I F Deformable
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Tab.3 Comparative experiment on PCBA pin solder joint dataset

Models Input size mAP, /% mAP,./% mAP..../% GFLOPs Params/M FPS
SSDY! 300X 300 77.7 72.7 54.1 24.28 30.63 44.63
Faster-RCNN'™ 800X 800 74.7 73.7 60. 4 41. 37 105. 00 26. 90
Deformable DETR™ 640X 640 75.4 29.8 38.3 40.10 94.21 19.62
YOLOv5-mu 640X 640 78.0 — 64.0 25.07 64. 40 92.07
YOLOv8-m 640X 640 80. 2 — 65.4 25. 86 79.10 87.72
YOLOv9-c** 640X 640 79.5 — 65.6 25.53 103. 70 76.92
YOLOv10-1%" 640X 640 80. 4 — 65.4 24. 40 120. 30 67.11
YOLO11-1 640X 640 79.7 — 63.0 25. 30 86. 90 50. 06
RT-DETR-R34'" 640X 640 77.8 77.1 63.1 33.08 43.98 73.25
AR 640X 640 82.3 80.5 66. 6 35.26 43.82 84.74

T AR ORI

DETR (40. 10M) #1 Faster R-CNN (41.37M) , 1£
PR 25 A0 504 11 [R) R S B0 T O R A R A
FETHRTE RS 5 T, A SCREAL Y GFLOPs 4 43. 82,
$%iF RT-DETR-R34(43.98) , it & T YOLOv9-c
(103.70) . YOLOvV10-1(120. 30) %5 75 K Ji # #Y
TR R G 0 R A R T, AR S
R 7E BRI AR b Y HE B R Oy 84. 74 FPS,
# 3 YOLOvV5-mu (92.07 FPS) 5 YOLOv8-m
(87.72 FPS) , & T YOLO11-1(50. 06 FPS) Fi
Deformable DETR (19. 62 FPS) , Ji& 3 4k 5 i
SRR AR . BRI, AR SR 1 e A
TUFE A R AR 2 B0 M AT 85 1 R4 R, 5
BT R AR DUDORG RS 4 O /F PCBA &
J A5 B X X N B AR U B s B A T

(a) SSD .1
(a) SSD

(b) Faster-RCNN% 7%
(b) Faster-RCNN

(f) YOLOVY-cE1:
() YOLOV9-c

(2) YOLOVI0-17%
(2) YOLOV10-1

K7 RO PCBA A R o 0 1 P 5 s i) 45

Fig. 7 Detection results of each model on the PCBA pin solder joint test image
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(c) Deformable DETR
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-y Re vE R U I A KRS E bR R I R A
W 58 B M 5 95 M B8 J7 . T Faster R-CNN
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(a) (b)
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7 %5 B2 I 15 50 5 2 45 TR 3R 5 ORI KRS B AR 4 3
T2 4 0] 58, % RT-DETR 8B 3#E 4T 7 45 #40
b, I 7E A BB AR S5 A TP B AE TR T R 450
By SE I e . LR A R KW, 5 RT-DETR
BT AH LG, AR 305 W A5 PCBA 5 I 55 1 15 5 4
£ I mAP, R T 9.88%, ik 82. 3%, #fE H
R T 84. 74 FPS, S50 i /b 31. 44 %, 3t

BRLAE /N B AR K AT 55 P G Re I A . FIA
LGCEM Ji BB B (P 8(b) ) 78 5 A5 IX 48k Y 4% {4
M) 7 f 5 1, U B AR B AR L SR A S 4
JRy v SURFAE 7 T 2 A BP0, A B T T 2 RUE
REAE ARG BTt . SR, 8= A 200 R EERL
il ZA H AR 30 FAFAE — 2 TR FE A RTRT 52 1
Ko e L RE ) o FEMLEERE B A FA-UpSample
Je CEL8(c) ), A M I B Join 2R F 2L 55 e s o7
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HIBE T o BeARERI(E 8(d)) 5 A 4k Rep-
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DX Bl 3 S BT e R A v LS B 0 A T I R B
1 G B 57 R E b DR i N AT R ] 2
IR R R R, LR g
RFEO 0 UE T 0 4 1 25 4 1 Ak vk T B SR A
RUNE H b 56 1 68 1 7 T A R GIE B AR SO
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1465 M 5 DR T A 8 T, AT SRR T TR A Gl B
Rl T

(c)
P8 25 T ek Jy vk 9 B B R ) LR A 1L . (a) RT-DETR A8 5 (b) £ RT-DETR H15] A LGCEM; (¢) 7
RT-DETR 5] A LGCEM 5 FA-UpSample; (d) £ RT-DETR 5] A LGCEM .FA-UpSample 55 RepViT,

Fig.8 Comparison of model heat map effects based on various improvement methods. (a) Baseline RT-DETR architecture ;
(b) RT-DETR with LGCEM; (¢) RT-DETR with LGCEM and FA-UpSample; (d) RT-DETR with LGCEM,
FA-UpSample, and RepViT.
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/N, mAP,, 5 HE B E oy BT T 6. 75% Al
23.10% , 3= W% 7 vk A8 oAb &2 2 Tl e o A5 )
Yyserpth BAT BRI IE L BE ) o 28 BT AR
TIEEZA e b DA T WAk W T S bR
Az PR PCBA A8 T 0 0T Sk A6 00 1 55 4 i 5
K, EA BT 0 BB & (85 0 TR & .
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