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Abstract: Micro-defects on nickel sheet connection pieces, such as scratches and pits, are
challenging to detect due to their low contrast and weak depth variations in both two-
dimensional grayscale images and three-dimensional depth data. To address this challenge,
this study proposes a multi-channel image fusion detection framework based on the FDI-
YOLOv10n model. First, a channel-level image fusion strategy is employed to deeply integrate
two-dimensional texture information from grayscale images with three-dimensional spatial
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features from depth images at the channel level, thereby enhancing the ability of the model to
extract discriminative defect features. Second, to further improve feature extraction efficiency,
a FasterCGLU-MANet hybrid aggregation module is developed by combining an improved
FasterBlock-CGLU unit with the MANet architecture, enabling richer semantic feature
representation while accelerating inference. Additionally, a robust feature downsampling
mechanism is introduced to mitigate interference from redundant image information through a
hierarchical processing strategy spanning shallow and deep network layers. Finally, an Inner-
MPDIoU composite loss function is designed by integrating internal-region overlap constraints
with boundary alignment optimization, thereby substantially improving the stability of bounding-
box regression. Experimental results demonstrate that the proposed model achieves a mAP@
0.5 of 96.1% and a detection speed of 333.3 fps on a self-constructed dataset, satisfying
industrial requirements for high-precision and real-time defect detection in lithium-ion battery
manufacturing.
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Fig. 1 Image acquisition platform

KR JF R G Ja i BB 2R AT I B M et
B R i RIBE A NG B, RIIR.
FIAVESS HE, ANEZRAILE 2, e E 621 4K
JE BRI LR FE B o AR T e 6 7 T S L e 3
THI PO SCER AN AN ILRFAE , R B U4 AL T = 4R IR B A
B B BUGE R — AR5 3R N IR, fRIEK
FE P 5 TR O K &R
1.3 HIREMLIE

fd Fil Labelimg B {4 Ar 0 48 7 34 42 1 3% T 5 s
BG, CRBEEH . AL E NS BT AR
o B SFREHT 0 2 0 4 g TN
BEANBAEE . ORI 25 78 0 ME RN B 2L
P, 58 AT A B0 AR B E BT A A P85 T 1z A R
1o RIS AR S e, A B0 o A A Yy

(a) MR (b) B

(d) hr
B2 RREEERRERERE
Fig. 2 Grayscale of surface defects on nickel sheet
connection sheets

1200
LY f
1000 M ¥ %5
800

600

AR E R

400

200

M B XIIR L f)
et
E3 ¥RAESERHEEREE
Fig. 3 The number of various defect targets before
and after expansion

MR AL, AW e SR B W
e T R P A T U N R SR AT B 0, AR F
3105 5K I ZR SR MR, o Fe Al e skies H b s g it
R 3 PR

2 FDI-YOLOV10 % #4
YOLOVA0 1E Jy 37— A 5 1 il S By B I i



ik fe A

1400

ave
F

5 # A 2026 F5 15 %

FEZE, SR — B W E 7y BE SR mg, THER 7 YOLO &
FI)H E A K R A0 ) U SR AR R . B R AR o
YOLOv10n. YOLOv10s. YOLOv10m. YOLOv1
Ob. YOLOvV10I 1 YOLOV10x6 MY, AJ &%) A
IF) A FH 37 St AT R I o 22 T B B - e TR A AR
TR R R AR I ) Tk B TR R, AR AL
JOTfe/h HEBH FE S PR () YOLOV10n 1y S it 45

MIFEWIFT. 78 YOLOVIOn B (2R |, it 4
% FasterCGLU-MANet J& & 5% £ # B Al RFD Bk
TR AR R, R T G A T T A
S AR R T2 A 3 TR B G DU FY) FDI-YOLOV10n 45
A, ZEEFEHARMG AR, =T
2% BB G I 2 DA B S SRS W X £ 4 AN 5 43 4
B, L EARGHE 4 FR .

\
| | Cc2fCIB : |
Input Il | ]
Il Conv . I ¢ Conv :
1| k=1, s=1 Split CIB [rereeees CiB oncat =1, s=1 |
1|
SRFD | S = = g
l | - -"-"-"-"-"-"-"-"-"-"-"-=-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"=-"=-"=-=
| |
| | PSA |
FasterCGLU- | | |
MANet I Conv /] Conv Conv
et s= T [IMSHA D e, 52171, 51 Concat 1, =1 |
|
|
DRFD \ |

| -~

FasterCGLU- l

Concat —>
MANet
ot
|
DRFD : |
o 0
FasterCGLU- | C2f —
MANet |
y H f
DREFD : I Concat
v [ t
TANet ! Upsample
|
SPPF '
v [
PSA
| |
Backbone P! Neck

[

DRFD

v

Concat

v

C2f —] I

v

DRFD

: [
I
|
| [
I
P! (.
| N One-to-one Head
Concat —F—>  C2fCIB T
|
)

————> One-to-one Head

[
—[|—>One-to-many Head

[

[

[

[

——+———> One-to-one Head

Ll 1 One-to-many Head

l—»One-to-many Head

#4 FDI-YOLOv10n
Fig. 4 FDI-YOLOv10n

2.1 FasterCGLU-MANet;E & B AR
T RIS RIS EEE ), AR RETT T
FasterCGLU-MANet & & % & # &, ff H
FasterBlock-CGLU 5 MANet % 4& # 45 & # ¥
Backbone H1f{] C2f it .
FasterBlock {& £f 1 8 077 smiis H k%, If
e T — Mo E & L PConv, X ffi 15
FasterBlock 7 H & 5 iz 17 3 B 1) [F] i, 3k S
THEAMSHE, HroE TARPRERL, R
&%, CGLUBE K 5 PR, #Zikitft CGLU
IR I 3xIIRE AR GIE, (FRHE R

—

JCRENS I T J53 0 A Sk A s 5 45 5L A6 i 3 S 11 A
B, WL T T r B g B VIT AR BE
GRPR AN BE BT K. 454 CGLU T3
5 FasterBlock % 1 45 #4 UL B i — Fi iy 2 %
FasterBlock-CGLU & & .70

¥ FasterBlock-CGLU #% Ht 58 A 5 & M 4%
(MANet)fH45 &, WK 6 Fr7x. MANet 244 ks i
Al T SR AAR A, x5 A0 ) 30 B R v
fE, VRJE 4> B A FY(DSConv) It 4k 25 A RFE KI5 ,
FasterCGLU 4 FHRFIE 2 B e g IX il
GORMEAEE RIS R T TR 2 HE



B4 EMLE:

FF FDI-YOLOV10n Fo4H B 1 F i 28 [ S e 22 a8 UG Al S 46 0 527 E 0 7 1401

Input I

/ Linear \

DW Conv 3x3

Activation

5 CGLUf#&E#R
Fig. 5 CGLU module

-
l oin
1x1 Conv
2c ﬁ 2c
DSConv| 2c¢ ol Split
2c 1x1 Conv c
v c
1x1
Conv Faster-CGLU
c
° Faster-CGLU|
— ¢ c
Faster-CGLU|
A A ""' f
[ Concatenation ]
l (4+n)xc
1x1 Conv
\ l Cout

J

BERTE T S KRB BUh B AL B 15 CRILIR
JZ. BepRE TR LIRS
X.a = Conv, (X;,)

X, = Conv,(X.q)

X, = DSConv[Conv,(X,)]
X, X, = Split(X,.4)

X, = FasterCGLU(X,) + X,
X, = FasterCGLU(X;) + X,

@)

X, ., = FasterCGLU(X;,,)+ X;.,

Horp X HIBIEECN 2¢, X, XX, Hi#
I e, AT I R AR =P R AR IE
FE XA B R A, FEEH 11 B E4aEE R, DL
A RGEIE BN 20 1 Xy W FTR :

X = Conve (X, [ X ] -+ Xe ) 4)

Conv, £/ 1x1 BREAE, H T KRS 5 R
BILST () TE HO B N 2¢.

Faster-CGLU

cn PConv| B
I CGLU— —»E
3x3 Relu St

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

E16 FasterCGLU-MANet#%ik
Fig. 6 FasterCGLU-MANet module

22 EERPFETRE

FEAS B R R A R S R T SR IS, A
HEBAEEOS REFEULBRIICR. £ET
P25 S B S A R AL I R P, A RGL I IUR AR
B AR RS RAE, AR R PR TR
P2 I8 5 A BB R BV R I/ NFFIE B RT3 A 5
2B REBUF AR A RS B, (EAE OR B ARRL 4 7
TTHRIUR A, B 5 G A Bl = k. RFD J5
2 e I R R A B TR R NRH

P FIVREAIE F i 32 AN B 52 10 1397 28 R SR 5
RFD 73 Nk 2 & B R Ak KA (SRFD) KR 2 & e
¥ T % #:(DRFD). SRFD = 2 FH T #5482 1)
FGUR N REE, SMmE 7 s, 7R
MR EE R A, AR SN USSR F
X7 SR IAT VG FAE SR I, @Y K2 B
R i  RIE G2/ BN UEE. B
Jei s AR RREAE B 5 A 2 SR AT AR B
H—AN SR AR TR RV Y R TR



1402 i o B % 5 # K 2026 F5 15 &

JA(CutD), B XTAAMER REAT VI, N BRI

R RS I RN I R R AR 2 e 73— TR J2 & W R AL T SRAF L (DRFD) 3= 22 5 A T
73 ST 3%3 7 HBFA(GConv) IR W] 73 B AR 2~B 0 N RIEZ, ZiManKEI 8 frun. R4 bR
(DWConvD)5g i K kf, B ZHILZRILDH BB fr R ISR P AN S5, X LB BURRFAIE
FHERIRERETT, I FHRTHRHERE S AR . DI BRIC2USENFEIEUEE . T RARER,
SCPEAERRHE BT HHE, 2 A EREREE MG B BRSO 0. DRED L5 SRFD #ibk
EH AR IR 2~4 i RE T, SRR AR R B NRFAE B 58 e 2 & # (Conv).
T7 BRGNS AR P, FRREX SRR IE I F 0T CutD, s KA (MaxD) AR, 73 il 45 31 22 Fi i H
giHERL FRERAA . ZERRRT TRAA RREE . SRR N GELU B0 R BOF %, il
BT RN IEERE, (EL A R A BRI CT R R 6C. FE R 1x1 B
AR R ER T SR RAE, oL RIE WG BEEREC, WRAEENIEXER.

DWConvD
B, C, H/4, Wi4
GConv DWConvD GConv
B, CI2, H, W™>B, C/2, HI2, Wi2 B,C, H W
MaxD N Cat+Conv |
Input - Conv Cat+Conv 5 Okl Ul T i
B,3, H W B,Cl4, H, W B, CI2, HI2, WI2
CutD ‘ CutD
B, CI2, HI2, Wi2 B, C, HI4, Wi4

7 REEHEHE T RAERR

Fig. 7 Shallow robust feature downsampling module

DWConvD+GELU CutD: V)7 FREE

B, 2C, HI2, WI2
. B
N E— GConv: HEF
B, 2C,H, W
MaxD 3 Cat+Conv 3 SR
e B, 2C, HI2, WI2 B, 2C, HI2, WI2
—> lnput MaxD: fi Kt F
CutD DWConvD: IRFEZT 7}

B, 2C, HI2, W2 e AR

8 REBEHE T RAERIR

Fig. 8 Deep robust feature downsampling module

2.3 Inner-MPDIloU TRMAE 5 L CHE R N X IR S AR B, TR R4
YOLOV10n X Fi| CloUPME g #% 0o 451 2K R 4, R XA DT BC o 2 TUU A == 4 350 43 ik N B SEEATE P 30
I AT 5 B SEHE R E S X U B, AR T R E AR . iR IETE
PR G b R, AT e AR . (HiZ MPDIoU & s ML SR B @ E R H b, MY
Hott wp ot BE RN B8 1 L AR FOAAAE T, AR WX E S AT A RUE R, e T H TRtk
Hbr kA B2 7 mFe i, 55l REVKRREEED, SN, T3 TR IIHE & A7 a1 .
SES R E T . RIAB IR — MRS 2.3.1  Inner-loU
Inner-loU A1 MPD-loU ] & & it 2% & % (Inner- FEIH FAE B A AE 55 H 5  Inner-loU {& Bl 4 By 121
MPD), it % 2R UT LR AL FAERAMERE . FHE MR AL loU H5 e iH 55, Hoam i 4% LU 5 IR 1 s 4
AW FLHE H InnerMPDIloU 2 2% ok £, AT ADNESUESTIAER RS, THE SN S AER 22 I



B4 TS

: =T FDI-YOLOV10n Ft)/8H B8 1 F b 3 T 5k [ 22 i 1

5 i A LI 7T 1403

e, #EmEET RS, Hodr, FSUHE. AR
D A A (xS, y®) R (x,, . ), wo, 5w, hA
L SEHEAN T R 58 =, P AE 2 T) 3 8 Xk i AR
Ainter, % @ XA Ay union, #EILAHAZIFLE,
ASN I

b?! _ th B Wg‘ .S b?l _ Xé}l + ng - S (5)
bp=ye -0 by =y e m; ©®)
w-s .S
blzxc_ 2 !br=Xc+ 2 (7)
h-s h-s
bt=Yc7T1bb=yC+ 2 (8)
inter = max[(min (b¢', b,) -~ max (b%, b,)] -
max[ (min (b, b,) — max (b, b,)] 9)
union = (w% - h%)- s> +(w - h) - s* - inter (10)
10U, = - (1)
union
Llnner loU = 1 - IOUInner (12)
2.3.2 MPD-loU

MPD-loU i i A6 A6 Tl HE A B S HE /e B A
F R AR S, SR AR R M, [F
WHETHE R RCR . 1% 77155675 FETINAE 5 2 S AE
WESHIEES X A0 25 PE A5 & b fw
%, TR R R Eiﬁ%%ﬁﬁ¢ it
T E T A FAE RV E R, B U 2Rl sk

R
Lypp 10 = 1 =~ MPD, (13)
_ inter d? a?
MPD,, = union w2 + h? * w2+ h? (14)
02 = (x™ — x§ ) + (yF= - oy (15)
df = (X2 = x§' 72 + (y& - y$')? (16)

AW FTAE F Inner-loU 451 2% 28 %4 /) S8 A8 AR 1L
MPDIloU, LA Inner-MPDIoU # # CloU, ik It
NGWIE

inter d? d?

10U pner wpp = ——— — - 2 17
Inner - MPD union W2 + h2 W2 + h2 ( )

3 L5457

FKATEMGI T AB AR 255 0
ke 55 5 AR B A A I BT . BRI R Be S 40
BAR: #tEA/N32, YIZRIRECN 300K, fLabHE
8. KHBENLELEE T B (SCGD)ib &%, ¥k
231%0.01, 3= 0.937, H R ENEZREE
0.0005.

TR PER I A A T

PR, AHE UL

*1 EAHEEMRETRE

Table 1 Hardware configuration and software
environment
TR I B AR A 58 i 7 44 Fl1 R A%
BAE RS Ubuntu 20.04
CPU Intel Core i9-14900k(128 GB)
GPU RTX4090(24 GB)
IREE S SIHEE PyTorch 2.5.2
BRI cu121

LRI R Pycharm

R Python 3.10.14

K(P). ARER) THFEEHEMAP). S8&. it

B (FLOPs). Wi (FPS)fE MiF M 85, 2 R
/(I
_ TP
P=Tr+rp (18)
_ TP
RETprEN (19)
AP = | "PdR (20)
S AP,
mAP = f=1N (21)
_ _Framenum
FPS = ElapsedTime (22)

Horp, EPHPE(TP) R B A U0 1) H AR B
TR AR BE 1 (FP )R 45 B A4 (FINY 23 53 56 o2 8 45 A6 5
A B H BB 0 A B (AP) 4T 5 P-R
il £ 5 A b il B ) THT AR .- Framenum AR 3R A8 1
Jr 188 ElapsedTime s A8 fT 75 &1 1A]
3.1 ZBEME AL

DA AT FT BT S A 2 0 A R SR AT RX
PE, ARHIE TN S 22 B BB A R TIFPI AT
TR LRSS . SEE KR TIF b EG S ATt
Jt 7 1R PG AE YOLOV0n K IHE 22 R #E4T 11 25
5. LRINASHEE R LRHRSHR,
SR A RN 2 R .

F245 R EoR, TIFEG E% BRI RES
% 86.5%, HAFFKEZET74.2%, mAP@O.5 X #2

R2 ZBERMEFHEXELE
Table 2 Comparative experiments on the multi-
channel fusion methods

HRY PI% RI% mAP@0.5/%
RIEE 70.5 83.3 80.8
TIF & 86.5 74.2 82.7
N 1 ey 83.2 83.3 89.2




1404 g #e F

5 # A 2026 F5 15 %

1 1.9%, KW RFEIB R T HREgH,
B AHLLZ R, A0S TE4EHE 83.3% A [H]
R FER, mAP@O.5 KIEER T 22 89.2%, HUKE
FOEIE IR T 8.4%, B TIF At &5k T1 6.5%. A
B 8 Rl B SR W A7 RCER B T AR P — R 11 25 TR B2 9%
A, FUEE T OUAHS, S0AE T AR AT B R
(0 5t S AR R
3.2 BHEPAXTEL S

AW FEN T BAE$E H ) 2 @ G a A A
AN B B e e R B R, B
FEERBE T LS . WA — R ) B
MRURAT SEAE AR AL A FEATARI, 3 S b A S s 1)
KIE B SRE G G VNt br, A IEA 2o
AN [ 28 00tk B 00 S PR R 5, S % Lt 26 3
B o

3 BRERMENELSILE

Table 3 Single-type defect comparison experiment

[P CESIC (€ TE Yt Pl% RI% mAP@0.5/%
. KIEHE 59.4 57.1 54.9
Pk il 2 83.9 74.7 80.2
e KR 86.4 74.6 85.7
il 87.8 88.1 90
KEEH 71.3 56.8 60.6
s
e R 67 57.9 60.9
RIER 82 947 95.8
Fiya
B b2l 95.6 96.1 98.3
it KIEHE 82.7 83.1 86.8
filiEr &l 93.3 84.8 89.7

T I B R PR X L SIS A T LUR AR
FLPE 1) 2 018 EG Al A 5 AR iy 3R T
PR IAT 55, Bk il PE 2L A B R4 . X T
KB EhIGRAL, G 2 @EEIE G rEdfE. 4
(] SR P 4K FE S de b B 38 v T o — K B R R A
MEE R EXTERE B P RHERIEA R 85 51
FORWE RIS FEERL, vips, @il sl NIRERE R,
R A DU e B 2 3 1, mAP HH 54.9% 2 71 £
80.2%. X T Btk [, % i8iEfH A 5 mAP H
95.8% ¢ 7+ 42 98.3%.

YT ERRZERIE, NRPR, XREREKZ 20
2 1 Bl 2R AR S, FLIR B AR AN,
IR R U 5 8 L AP — . &R AE
BUE AR B 3 K1) DX S D R AR A R

AE s REHRE A WU A HE AR 1 A B B B

S0 2 W Rl RN B A R A K R
BISERAT 5IRE BRI RME B, AR /N
BRI P (O RRAE 25 2K R, AT 2 e B %o 2528
BREARITRARE /7, Ik A AR AR 0L R R AR
3.3 MRKREXTEL KL

N T B8AIE Inner-MPDIoU i 2% e/ %51 A 2
FE R Jn N\ FasterCGLU-MANet i & 5 & # b
K H SRR T R AE O B B A b, 72 B R A
BEAH AR o 1 AR R B B AR L, B
CloU. FocalerloU. InnerloU. MPDIoU. Focaler_
MPDIoU F1InnerMPDIoU $i 5k s E3E AT I 45, 5256
SiRME AR,

x4 KBTI
Table 4 Loss function comparison experiment

EZENEIE Pl% RI% mAP/%
CloU 86.6 85.9 90.3
FocalerloU 87.8 85.9 90.2
InnerloU 85.1 83.4 89.3
MPDIoU 83.5 81.1 86.7
Focaler_MPDIoU 85.3 80.8 89.2
InnerMPDIloU 91.1 89.8 96.1

MWF 4 A LA H, 5 CloU #HEL, Bl fd
InnerloU Is), KA ot R, (H 350K FE 2 (A &
HARTF: B AE H MPloU I, BUARSF 350K 1 401
N, (HAEZEA . & MPloU 5 InnerloU
454 T B Inner-MPDIoU 7 2% B8 %,  7E RS 1 3% .
B RFNF G A EIES T mAEvERe, 75
WEB] T Inner-MPDIoU 45 2k iR U BE A 2495 #h CloU
AR, R FHAREARY [ B e U 1 e LA IR RO .
3.4 FasterCGLU-MANet & & B &S &R %L 3056

N 56 1E FasterCGLU-MANet i £ 58 & f5 B 1)
AR, AR T A YOLOVI0Nn, fE3
fifl A5 A | AV SR H MANet & #e C2f 1) MAN & 24 |
MANet &% & FasterBlock 1] MAN-Faster 1 4, A&
W 7¢ ¥ it 1) FasterCGLU-MANet £ B [ 4% o0 14 fE
fabr, SIEERWES.

SCe g R AR, AW FLHE 1Y FasterCGLU-
MANet 7 H rAs 4% 55 v J 30 H B0 It REAL 34
5 MAN. MAN-Faster # fl &5 ¥4 % Lt , Faster
CGLU-MANet 7E#Eff % . A [8] % F1 mAP 1X = T i
PR R E m B . K IEE L, Faster
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Table 5 Comparative experimental results of the
FasterCGLU-MANet hybrid polymerization module

N SHe HHEE bR
! Pl%  RI% mAP/% }
/G 1(i/s)
YOLOv1On 832 833  89.2 2.3 6.5 2857
MAN 768 813 875 2.8 8.3 250
MAN-Faster 80.3 78.3 838 24 6.7  196.1
FasterCGLU
851 903 2.3 65  185.2
-MANet
CGLU-MANGet [ i % & 185.2 i/s. 5| N\ Faster

Block-CGLU £t LA, HARIAE A 2 N2 H i
AR BRI T, ARERTH TR . 45
RIGUE 1 1% 45 F) B FFAE SR B RE T AR TR 2, i
e RO A BRI T TR, BES 35 R THE Y (i de
MVERE, RN RAFFEMRRIE R, A& RIFrIN A
3.5 JHELSCIG

AT LA YOLOVAON A2 57, o kAT =
AT CEE, RS 6 A A PO RO AR R ) S T
ROR, AWTFAERR Py 5 v 3R ok B it 4 AT
TTHMRSE . GRWNE PR, KB M1ER
FasterCGLU-MANet Ji & 5 &8, M2 %Rk H
ERRFIE R RAE O . M3 R IRKG B 0% bR 0 oy
InnerMPDIloU 451 % i 1 .

<6 HEALWER
Table 6 Results of the ablation experiment

WA PI% RI% mAP/% ZmM HHEEG  WiE/(is)
YoloviOn 83.2 83.3 89.2 23 6.5 285.7

+M1 88 851 903 23 6.5 185.2

+M2 921 886 942 27 8.4 227.3

+M3 794 918 931 23 6.5 217.4

+M1+M2 86.6 859 90.3 26 7.8 243.9

+M1+M3 823 886 91 23 6.5 303

+M2+M3 87.7 89.6 942 27 8.5 232.6

+M1+

M2+ 911 89.8 96.1 2.6 7.8 333.3

TE O Y S e B AT AT, AR
U T VR AR AR A R TR PR U AT 55 vh R I
BRAR A £ YOLOVI0N JE £ A R 3L Al 1 i A\ M1
Je, ALK R 2T 4.8%, A RIRIET 1.8%,
MAP $& 7+ 1.1%, A3 B2 A B B2, i B M1
WoR T BIRL P RHIE SR ELRE 1. BIAM2 5, KSR

A1 [B] 2 55 5] 38 11 8.9% 1 5.3%, mAP $2 7+ 5%,
BARS = A FLOPS A Fr3gn, AH 405 RRAE $2 1L
RO BRE G, A BT AR BT o X 38 S BB Sy
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M T E279.4%, HEZ%E ETF4291.8%, mAP
X5 93.1%, 7B M3 5 i3 5 A St T 5 [ 1 7 [
CIEWAE )

HASLKF, M1+M2 [ P AT mAP $2 7+ 8 &,
{H RE& LT %, FLOPs Rl 0, 2% B IR &4
B S SRR T R AL 45 S TR SR TR U 8 U7 T 2 A
PRI, M2+M3 [ P, R A mAP 13k 31 % & 7K
oy IFEEMMRBAKR, RUH RGP 4
M1, M2 FI M3 =AML 4B 5] NI, A58 75 K i
R P, BEIERMmMAP FHE T RIS, 25
N91.1%. 89.8% A196.1%, XTSI IEH T &% itk
Bz [ p e RIE R, AT AR BB PR AR i
R AT 25 0 25 B T B

gERRTIA, THRARSEIG A SRR, AREFFIRIT
B J7 VAR HE T Y OLOVA On B2 6 I 1 i 7 T L
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S T e R TR v R P 3 R T R B R D
FERTA] S B B L.
3.6 XJEEsLIE
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DETR-main 5%, SKInss Rk 7 s

HXof Sz a 8 AT A, TEAR R B B R R
AL b, BT SGE IS I YOLOVAOn Sy A T
HoAh E AR R B B % . SSD &L
mAP@0.5459.1%, Z%(& N24.3 M, HEFLEE
N 62.11Wi/s, TTEEN287 G, HAG IR B,
[F R E WA k2% A]; Faster-RCNN E SSD
SRR N 17.06 M, {H mAP@O0.5 2 5 29.2%,
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HERMA7.2 M, HEREERA SR, TR R
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Table 7 Compare the experimental results
A mAP/%  ZHEM  HERIG  iER/(is)
SSD 59.1 24.3 287 62.1
Faster-RCNN 88.3 41.36 178 64.1
DETR-main 87.6 41.5 81.4 63.9
YOLOvV3-tiny 781 121 18.9 270.3
YOLOvS5n 87.8 25 71 181.8
YOLOv6s 79.2 4.2 11.8 384.6
YOLOvV7-tiny 781 6 13.2 140.8
YOLOv8n 90 3 8.1 285.7
YOLOV9s 90.7 7 26.7 285.7
FDI-YOLOv10n 96.1 2.6 7.8 333.3
YOLOv11n 88 2.6 6.3 333.3
YOLOv12n 79.2 2.6 6.3 312.5
YOLOv13n 87.8 25 6.2 303

fik; YOLOvVSN #fE 3 i Oy 181.8 Mii/s, 1T 5 & A
7.1 G, {HAGIKE A fRre ;s YOLOvVes 45 Ny
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TE A BT e Tt

AHIE T AR B 503 YOLOV On Sy 0 45 it
Fr R B ER 45 ik %) 96.1% I mAP@0.5, B4R
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Fig. 9 Heat map comparison
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Fig. 10 Comparison of the detection effects
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