WFAEE X

FI XK FIE, A7, KAEHS. 5] LPBF #5457 5 #0049 22 218 B AR AR [T]. AL #i88 K, 2026, 69(19): 26020015.
LI Qian, MAO Yangkun, ZHU Kunpeng. Lightweight object detection model for LPBF powder spreading anomaly detection
[J]. Aeronautical Manufacturing Technology, 2026, 69(19): 26020015.

H [5] LPBF f@# il 2 =4 B irta il =35

F T, EGE RER
(1. P EHFHERKF, S0 230026;
2. B A IRA e A F AR IR SR HURAT 7P, A2 230031
3. M SR R H R BT RAT, N 213164
4. KA K 3, KX 430081)

[EE] f£bs KR (Laser powder bed fusion, LPBF) B it £2 ¥ 48 R &2 MR B S T EA4E 2
KR F, Rd DA M ke Far bt ARt B R TEY R B @A AL B TR, A BT AR AT
BPRILETTYE % RERFFFRGZHENIE 7B T —F L F RI-DETR (Real-time detection transformer) &
#6922 F 4L B A7 M AL A PS-DETR (Powder spreading detection transformer) . PS-DETR R A & 2 &) #f—4 &) £ T L
ROBTMET ML, EBAEEA B & E R 3832 T AL A 6 B AR AL ), B BE R R — AP A T2 & ) e 45 fe it
B BRI T A S REFFHAEGESE R AR, F LR ERA T A Man I B RE BIRREE
L@ FINGEBIE, 4R AW, PS-DETR A A 4§ mAP@50 & 94.35%, B AR R 3.97 N7 o 4, A3 B4
29.6%, BiE T BAL 3 64 A AP RAE R 42 AP AR A9 AR

KA HOLH KRS R (LPBF) ;i #2 Wl ; 458 51 % 4] 5 & 4 25 #) ; RT-DETR

FESES: V261.8 MEkARERD: A DOI: 10.16080/j.issn1671-833x.26020015

Lightweight Object Detection Model for LPBF Powder Spreading Anomaly Detection
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[ABSTRACT] Powder spreading quality represents a critical factor that affects the part forming and process stability
during the laser powder bed fusion (LPBF) forming process. However, existing detection methods still face limitations in
real-time capability, accuracy, and adaptability to complex process scenarios. To address the real-time detection challenges
posed by complex backgrounds and multi-scale anomalies during the powder spreading process, this paper proposes the
powder spreading detection transformer (PS-DETR), an improved lightweight object detection model based on the
real-time detection transformer (RT-DETR). PS-DETR reconstructs the network backbone with efficient local-global
context aggregation, which reduces the model complexity while enhancing its feature extraction capability. Meanwhile, it

incorporates an attention-based feature concatenation module, effectively enhancing its ability to integrate and focus on
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multi-scale abnormal features. These improvements were trained and validated on the image dataset collected from the

powder spreading process for lattice structures. Experimental results show that the proposed PS-DETR model achieves a

mAP@50 of 94.35%, representing an improvement of 3.97 percentage points over the baseline model while reducing the

number of parameters by 29.6%, which confirms the effectiveness of the proposed modules and the model's superior

performance.

Keywords: Laser powder bed fusion (LPBF); Process monitoring; Powder spreading anomaly detection; Lattice structure;

Real-time detection transformer (RT-DETR)
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Fig.1 Powder spreading data acquisition system
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Table 1 Process parameters
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Fig.2 Lattice structure design and physical sample
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Fig.3 Powder spreading images with typical anomalies
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154 izt BB HAR - 20264F 5698 55191



‘—‘? v »
RESEARCH Hltﬁl‘tex

Wﬁ%ﬁé)%%ﬁ%ﬁ%%fko TR T SCAR S0 530
T REROE O AR AT
EAE , M T Ja B X GE TR
HATRIRR, 10 T AR RAS B2 ph DR Nt

R, B R R

HARI X

FETELGCABIER) T M4

.
!

ELGCA

!
!

Conv, 3x3, x2

Conv, 3x3, x2

Conv, 3x3, x2

BRI 5
)L,flil SN

KRG B LSO , XA EE T Rk gt i i ) s XA
Dy IR A BENLEC I S iR S, BRI A A
[SLEIES e ST it b et P i S Y S o
IsU/S e L itbotey  vabal | To I R S 2 ST

Conv, 1x1

¥

C — Conv, 1x1 —>

I
I
I
I ,
| Conv, 1x1 —» RepConv .4
]
]
I

AR AT

[

UpSample

|

Conv, 3 ><3

ABFCM ]—» RepC3  ——

1
I
|
|
|
|
]
]
]
]
I
|
|
|
|
]
ELGCA ——> Conv, 1x1 Conv, 1x1 J—> ABFCM J i o
" 1 -.Hﬁ
] | B
l : T l ! =
Conv, 3x3,x2 | RepC3 | RepC3 = C Lg — >
— i
i ' i =
ELGCA ——> Cony, 1x] —> ABFCM J Conv, 3x3 J : &
[ 1
[ 1
| 1 { ! |
Conv,3x3,x2 ! 1 UpSa.mpleJ ABFCM | ;
[ 1
| |
! N { ! !
[ I
ELGCA —E—!\-> AIFI ~ — Conv, 1x1 RepC3 }— ’:
B 5 PS-DETRHHIEHIR A HLIRILIT
Fig.5 Design of the efficient hybrid encoder in PS-DETR
Input O o Voo <oy )
L P BorEmk &) MR P ¢ |
N ) i i
S i %’Iii_j i
Input s \ ! i
ConVI:,3><3 ¢ _§_> Conv ]—> BN J—> Relu }—i—» i X, Xgl—+ %xmw i
| ° 1
ConvN, 3x3 Conv, 3x3, x2 . (e)ConvN ) | 1x1 Conv i
; R ——— o — o
MaxPool Conv, 3x3, X2 i Lo { Ne i
(e 4‘______,' ' ConvN,1><1]4> Relu —> | pw i Vv K % Loy KXW
| BasicBlock A !, | i 'l Cony. ! \/ | |
| E ELCjCA ! [:COI]VN, 3x3p-ConvN, 3x3 {1 . i Ave) Max) i i
| BasicBlock B 1/ | ) . [ i oED Gonh. |
L A y (d) BasicBlock A R ! y Y icuwl
e O N s T ! T | 0 K o7
v | ! .
L D> Relu > LY. | % | i
1 | X SxH* 1 | i
Cona, 353 Con, 3531 ISR oy,
I \ Nl A USRI 1
(e) BasicBlock B /,: | Z e |
______________________________________ | C ]
——————————————————————————————————————— .o % Wil !
[—————— Y ——————~ |
| BasicBlock_C || Cony, 33, <2 > AvgPool > ConvN, 1x1> Relu —> ! !
| | S5 ELGCA 55 | L X ey !
| i Y —> | 5ConvN, 3x3 ! i
| BasicBlock B 7 | > Convl, 23 Convl, 33 L (o) AR SR LT CR AN |
(b) ELGCA-based | () BasicBlock_C [ N (ELGCA) J

(a) ResNetl8
o m S

B N

e

Ele FTMEHEMTEE
Fig.6 Schematic diagram of backbone

2026455569 55 191] - AL HIELAR 155



Wi X

2Ry bR SCIE B ] BE 2 I S AR ) 4 EE RE ) O
BT T A A A

I ARSI SRR -2 )R BT SCR G RR
(Efficient local-global context aggregation, ELGCA ) f&
e LA 42 Jay b SR B BRAC  [R) L, AT 49 580 AR 7
BEHLSCHES 5T a0 Bk 5% 9 BEF) . ELGCAP!
ST R R -4 )Ry T SCfF B G R k
T8 3o Hr 7 ) AL s B (Pool—transpose, PT) 74 & 11 HIL i
FIGR B BT ARG 5 1 42 JRy bR SCOR Ry s Tl L, 3
ARZE N 6 () i o

i A ELGCA BLHR (I HRHE I X A A ARl

X e RO™” (1)
K, CH W53 IR i AR i S e AT

TS AR X8 AT 4 A B R IR R
A R AR E 3 P X, X, B

X, X,=Split(X) (2)

Bl IS % X, $hAT 3x3 YR JE L (DW Conv) AT
1330 X o TERBEEAS B, A 30 T8 A X 43 e — > B
A AR, IS IRAE B 18 b R 7 ST 1 B
YEo IR JRER B SCR G 1RMERRE LU D R i A
R SHORNF SEGE A SO PR3 L U R . [
I, X8 X, P T 11 A R LS TG0 G 24 P9 3 1 4 2
KHIF I R Z.0 K VX4 MR, Kb ZREH T2
HIERHER A, O K VIR HAE PT = 1ML A
AL PR A Ry R SOF B AR (Query ) | (Key ) Fil
{E (Value) . PTVERLAHLEICHLIRINTT : (1) X Q%
MEPAT AR 2 1 33 P 3434k LAAS B34 4F4E Q5 (2)
Xt KFFEPAT AR A 2 14 22 Fe ot Ak A 1) 3 SRR AE
K; ()X 4504 @ K Al VAR fiff 1 6 8 3 B 44
AL,

A =Vx [G(I_(Tx QT)} (3)
P < ARFRHFFRe: s 0 13K Softmax PR

IS, ) FH I DF R EAT S [R) %z B 4 R AR AR
(X,,) F142 5y 1R SCR G HFFE (X 2. A,,) #4730 1B DF
He 1350 F B R -2 R E R SCRERHIEX.

E R, FE R LRI RO B n 0% AT
GG i AT AR O Z 6] ARSI A2 in x n Y
TERE AR, RT3 2B O(n® ) AR SCRTR Y
PT R L 55 24 AN O(n) , SR FHIBAL FRAE E
FPRFESRBOT A PG B ) e METHRAU T PRI 4
Jry ASTRE 7 1 [  f SE AR T I AS

AHFEHE ELGCA RG] A ResNet18 /2%, 15
1T ELGCA-based T M % , HZ5H & 6 (b) B .

156 Mzt BB HAR - 20264F 55698 551910

ELGCA-based & 1 M % 15 5 & H ELGCA U T
ResNet18 31 R4 (%) 4 J2 5% 25 el b DR i 5 1 [ 2%
PB4 SR R U B AR i B Y PT FE R 1AL
DL T8 A B R 2 B S B T iR an i 5
SR LR RCR A MRA F3REMN T ResNet 1 84K
GBRSFEIN AR LT SRR RE A R B . R, i —
B T ERUZ B — L (BN) FIFLTE s % (Relu) , >R
FHARN 2 1 3x3 BT R ZEBRIERAE R T e
AR BRI D TR oRER AR AR B

# LPBF 4l i 5 5 A AT 55 v, M9 A IR X el o S22
R B BEALSCHRARAE A 5 2505 5%, i A0SR R AS
KA S S e e AR S TE SO R AL, 27
AR 381 J5 3B R AE SEAT F 0, 25 Zy 5l KR A . L5
ResNet 18 Z5F ) 5 oy 447 (4L, 7EBk = 425 1 F
S FAIIBOLT , MELAER X 7 558 X 3 5 1 2y
H AR 8. ELGCA LR RENS ol (L AR A X} R S A 254
IR RE ST, NI TR AL A A 0TS 5 RIS
BT S8 PO | X — o R BRI A AN Y )
ISR RGN B AN A)7 R R R 1B Bh i
PO AR S0 S H BN R R AR R, LR MG
TIE RISy Je s I P A B R 2w 5 42 =) 2 . ELGCA R
30 3o P-4t A il R 4 S JE TR X o7 PR I R v, O
Jry BB AR AR DI B i 2 , (oA 78 B A% B Mo 1 o
DA AN 38 5] X S8 T R
2.3 ETFEE NS EDHEER

RT-DETR #&# 7£ CCFF T HFEAE 9 4 (Concat)
SEPRES RERHERLS 1207 038 i B e B AN R 1)
FRIEE LA AR REME R . SR, % AR Ry
E AT SRR AL BE, TG X A3 AN [A] DX I A o
A ] R BOCHERHIE 25 2 W 3E JCERRRAE ) o7 JIr 77
R, P T = ok T 2 ) AR O e ML ER AR e e
(A TE IR 5 i O (BRI 5 R) S50 75 , 008 v M (AR AE
BEICAR B, 2 T AR MR A i — T

FEED X S PSS R R S R v, A5 2 S
FEAE R BN 5 FE I E 25 F AS DT ) Jey i s 4 s e s X
W, HAFIER 5 5 1E % S5 R 0 1 sl ROG XIIRVE . 7
ZYEC T, LARSEACE AL R T = X RRAE ) B
TN XA RE T MELUA U R S B S S LU, 5
B I S AREAE I L e PR R AR B 1 22 A LA
FRIEFTE S . A, AR SCBETT T ABFCM K /8 % Concat
EAE , ABFCM 3 1o 38 38 X 5 38 38 1 2 T e 25 [l
I | 2 RS XRRIE R G 43R S T 2 R R IE
AT A, s AR 7 BT (Hi C #6758 Concat ) o

R A B2 R 2R B 2R R
F,e RV HIF, e ROV iy F AN 6] J2 RAFAE K 8



Wi X

THIEAERE FAFE A 225 A I TR E PR SO AL
A B T E0E UE EARICE . FrLL, B EXHKZ2 5
IE Fo i 1> 1 A9 A FR AT HGH 38 205 & 2 RRE FO6 55,
FEREXT 5 P RHE B 44 R X, FLX o B %) 38
BOR [ PN FRRAE SEA T PR BRI PFEARAE X, B

X,,.=Concat( X,,X,) (4)
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IR AT, B 5 A P A 42 % 32 2 (Linear) F1 Relu 74
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(5)
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Fig.7 Schematic diagram of attention-based feature concatenate module

2026455569 55 191) - AL HIELAR 157



WFAEE X

FREAS S B S 1 28 ) H A, BT A =R
Precision= TP 9)
TP +FP
[ 38 fz BAEE f A  7 55 E T , E SCOR SEBR R IE
A REAS el TR 0 Y L), AR TR A
TP
Recall= TP EN (10)

mAP B2 AN S B ARG AT 45 h e L2 & P A
RREMER MR IRZ — . BZEHE T AR
BRI AR | DA B A 0 FEAS TR) A R B T B %
Mo mAP [ EMAIRA N

1 N
mAP:N;APi (11)
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IR RS AR F A DA B2 A | AR SO DG TR AR A A 534K
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Table 2 Device configuration

(GFLOPs) by FLAv. , & 7~ A5 AL YT ) 48 BRI 5 04 354
2 %, B T B L T SR ) 4 R X R A 72
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FUAR
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SCBETE T I ARG, 7E AR ] 0 e S AT IS BB
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TE % ResNet18 1y BRI 32T R 2%, 714 Al ik 06 235 21 4
F3FR,

PN B LTI DR < s R £ ol Rl L 3= o L
ELGCA-based =T M 45 2 J&5 , 15 5 (1 22 B &0 M\ 19.88%
10° P 2 13.87x10°, 77 s 38 S B8P 17.9% , il A
FEHR R 1.63 N E 201, RN mAP@S0 353 1 92.9%. %
Yo 2t U, A S 4 HY i ELGCA-based 31 (0 4% 1
I TR A TR 45 A A A5 AT A T Y , O EL 18 B ELGCA
REHUREA 1 LT SO B R A AL A TR ) 1 2 M R
JIASFF G WA T TE RS 52 2% P8 ) ] s SE BT 4G
FEEE BT, IR 3] TS B SRR R LA

R BRI R IE DR E ) ABFCM Ji5 , 7 2
B AAT 0.12 M Y/INIE BERE R 77 s R B LI
B, B RS 25 T ABFCM R 38 K 1 5 RO HRIEAS |
fiE 71, AR TE HE A R LA R A mAP 8 b LA
.

1 [F B A ELGCA-based T 1 W45 il ABECM i,
mAP@50 Fll mAP@0.50: 0.95 43 HI| ik 2| T 94.35% Fi
82.63% , A% T J5 2K 1Y) RT-DETR #5581 3 i3 K 1 3.97
337 AN E 4 s, B ) 2 5008 ) 19.88x10° [ &
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Table 3 Results of ablation experiments

WA Jic
S Windows 11
CPU Intel(R) Core(TM) 19—-14900HX
GPU NVIDIA GeForce RTX 4060 Laptop GPU
AT 32G
Python 3.12.4
CUDA 12.4
PyTorch 24.1
ELGCA ABFCM Precision/% Recall/%
85.90 90.30
J 87.53 92.80
J 86.20 91.00
J J 90.97 91.66

158 Mzt MiBHAR - 20264F 5698 55191

mAP@50/% mAP@0.50:0.95/% GFLOPs Parameters/x10°
90.38 79.26 57.0 19.88
92.90 79.82 46.8 13.87
90.62 79.77 57.0 20.00
94.35 82.63 46.9 13.99
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O % P8 T v A PR T A AR TR 25 o SC B T ARG IR
BE ) B 1R T, o YOLOvSm i #E B K 5 mAP@50
A3 HEE] T 90.07% F190.63% , 7EHEH % F1 mAP@50 (1)
$5§ % I % I i RT-DETR-R18 5% 78 i A {34, {3 1
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FERH MY 570 KX — ¢ 15 5% T, PS-DETR 455 Y
TE 45 T BB A 7 1 ¥4 v T LA X e A A ) 45
%, #H % T RT-DETR-R18 F1 RT-DETR-R34 # 1 ,
mAP@50 43 B T 3.97 F12.37 4 43 4, B2 8
AR RT-DETR-R18 A AL/ T 5.89x10°, X J LA
WEW], PS-DETR 45 U 7% LPBF 4fi ¥ 5 & A6 I 19 5 4 1k
FERS B T R3] T8k A scR
3.3 Ao

Jy #F — 2 3 JF PS-DETR 2 ¥ 41 # T B iR
RT-DETR 75 & 85 5 5 K6 I v 0 00 35, A 98 e B T
LPBF i 72 H A 5] [ BE A 52 s W ) R a3 47 ] R A X
FearHT . & 8 J@ 7% T EOS M290 7E 47 Bl 5 [ 4 ) v i)
JEEF RS ] — 3 S R I 45 SR X EE . Rl AR
£25), JF L RT-DETR S35 76 M AR R AT L7 X s B0
SRR I A BT DR SR U R [ A AE
S5 — ok U G b R R R ) S R Ak ik S
IR, HVE SN AR XS R R B R AN 3547, O HL
FERTIN AT B DX 3R —HESE — AR = S H R
i1 T RT-DETR %3 19 24 Hh 2 10 4% 11 200 57 b D i
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Table 4 Comparative results of models

Model Precision/% Recall/% mAP@50/% mAP@0.50:0.95/% GFLOPs Parameters/x10°
YOLOv5m 84.92 84.25 87.20 70.27 64.0 25.05
YOLOvVS8s 75.52 84.77 83.75 71.46 28.4 11.13
YOLOv8m 90.07 83.95 90.63 75.28 78.7 25.84
YOLOV9s 78.12 81.34 80.54 70.42 26.7 7.17
YOLOv9m 80.20 85.34 87.32 74.83 76.5 20.02
YOLOv10s 72.57 79.93 80.51 69.69 24.5 8.09

YOLOv10m 80.04 82.23 86.79 72.74 63.4 16.46
YOLOv10b 79.28 87.33 89.34 73.08 98.0 20.42
RT-DETR-R18 85.90 90.30 90.38 79.26 57.0 19.88
RT-DETR-R34 87.89 90.28 91.98 77.91 88.8 31.11
PS-DETR 90.97 91.66 94.35 82.63 46.9 13.99
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Fig.8 Comparison of anomaly detection results in the intermediate layer of lattice structure
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