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Defect detection of small targets based on the improved
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Abstract: Aiming at the problems of small target size, fuzzy edges, and vulnerability to noise and background
interference in defect areas of photovoltaic infrared images, an improved algorithm based on YOLOv11 was proposed.
Firstly, a guided local-global spatial attention (GLGSA) module is designed to effectively integrate Local salient region
information and Global context semantics to improve the discrimination of feature representation. Secondly, the
GLGSA module was combined with the bidirectional feature fusion structure BiFPN to construct the GLGSA-BiFPN
structure to improve the effect of multi-scale feature fusion. The P2 detection layer was added to enhance the detection
ability of minimal targets. Finally, the NWD loss function is introduced to replace the original loss function to enhance
the positioning accuracy of small targets. Experimental verification is carried out on the PV-HSD-2025 photovoltaic hot

spot data set. The results show that the detection accuracy of the improved algorithm mAP ;, and mAP 5, ,; is 9. 1% and

5. 6% higher than that of YOLOv11n. Effectively improve the accuracy of photovoltaic small target defect detection.
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based convolution neural network, R-CNN)™ Z 3, & i
Je R L — FR i e DX 8, SRR R R 3 8 X3 3 AT 0 2 i ]
33X 3y ik AL AR AR B L ER R R T AA
B i LR M. HR B T I R A5 4 10 B e vk HE R
LA X 5, 3 LA R T6 ALY AR BB Ao T 52 I M 11
K, F Transformer i I B # 41 DETR (detection
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F o B8 v 3 3 JC 95 A AR AR A0 ) 7 0 B, T Sk A A 48 B BE
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T, Hefple sSOR TS TF 84 K (b i DETR S 3 @ ik 40 MD |
YIRS , W AFIEAE & AE R i 1 ik & [R5
Me, AHLZF B BRI 7 ik 0 BRR 22 0 4R K Csingle
shot multibox detector, SSD)™ % 3% Hl YOLO (you only
look once, YOLO) ™ 22 F1I7E {45 5 T 19 44 13U f A6 0 A5 1
GLE T 7S A i 18 N S N e A | 275
S I A 5 2R 0 AR BIR YOLO Z 51 68 £ H e A6 I RS B2
SHEBROR Z MV BT T RS-, S e AR Bk o G 0 42 3t T
BT 56 AR BE XSGR/ B bR BB A U AT 55 L 2
TN YOLO RINEERIFF R T 2 MR K., fLE
SR IVIE T YOLOVS 6 AR AR Z1 A1 B4 BEAG I 7 32 A
Neck ZE5IABRYGERE 7, B SRR IE bG8 72 b iy 3 4R
WURE H1 ., 15 FH 58 4= 38 - b 51 2k PR %X (complete intersection
over union,CIloU) DL B 45 M X 4y K 55T 5 /N BB H xR,
P TR IMRS B A A A 38 22 RUBE /N B AR B AT 3R 3R 4
B H AR B 0 ML A 20 41 % G 1 5 e AR SR BE A
M7 S T YOLOvSs-HWHA Bt 8k, 78 £
2 )5 v 5 ) A R R A TEA ML, LA SRERAE A 88 1, T
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I8 22 % 32 Y, 3 DA 3 N7 2L A G rh 22 RUBE S Y BB H
B s A7 76 Jo A5 SR TS S 1 1] R, 25 ok A5 A e AR
U ALATDOLAR CL AN ER 2 4% 3 57 T /0N I A X AG 00 0 )t i
H—FEET YOLOVT-EPAN [ ZL 4 G ol b 48 00 7 125 L 5
AT R AR R E R A W 4% (efficient layer aggregation
network, ELAN) Fl 3 — fk & #7 Wasserstein B0 55 #1 2k pR
(normalized gaussian wassertein distance, NWD) , & 2%
fi# 7 /0N B AR UG G PR X 5RO i n) A, A 2 R KR R
36 M, 7F i % ¥ 4 b & B K B, w0 ST B X
YOLOv8n Ik A 8 Ha, b Al A% I £ /s 4 f3f B I ' ThD 2 90 A A
[T £ %8 ASF-YOLO g 848 A5 A Slide Loss
e BRSO R S L B AR o) B YR VS R AR 11 L) g T A
DK BE o EAE 4% it Al 5 R IDHS B8 22 (B AT 77 A6 P Dk k. )
FPRAE R X I AL A /N H BRI 3 5 D
YOLOvIL 9/ B R R ik . i i 51 A U AR5 H (dual
convolution, DualConv)""*'#4 # ELAN-DC B, $2 7+ T 7%
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Fig. 1 Structure of improved model
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F,.. = SILU(Conv(DWConv(ReLU(Conv(F1)))))
(2)
F“, =F,..*CA(F,.) *SA(F,.) +F (3)
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14,

B JRVE R S5y R 2 R 4y S i X ACRRAE 4T
R CEEL A ERE LR KEEKE SRR
W SUAR B DT 2 FHREAE 9 0 5 6 g, #b 72 T R 2 )
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F,.,. = Softmax (Transpose(Conv,., (F:) ) ) 4)

F4" ., = MLP(F ,,. @ F)+F; (5

Hor, Fi. ARG 3L Fape HRRER
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G JRy Ay SRR TR SO SO FIBE E Y HAR A A . IR Sl
FHEEAEB - BRI ERY, ZE A B4
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Wi 7 588 B $ T HL A il B o R B AR AR DA T ek 2 7
JE SR A AT RAE TG B R A AR T /D H AR SR
FEAE 70 J2 B0 B A0 1), 3 0 X — JB 51 S AL A B ML
GLGSA-BIiFPN Z5 #4763 8 BiIFPN H & 1 8 18 i A £ 3
4 TR e 358 T D £t/ E A R SRS A 5 R SO SR Bk
AEBRE T R T S K IR B R AE R AR BE T, AR
i3kt S T BRI O [ R AE w2 )
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Fig.5 Structure of GLGSA-BIFPN
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FrBY A 5 X 43 8e . A AR SCi I GLGSA-BIFPN
FROERL A S50 . ok P2 EARALTE AR F R R E
B 200 7 R A
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St — AL AR AR IR BE 51 A NWD i 5% o BU AR IR
A CloU % H%t. JRIAK CloU X T A [ R B 9 1K 114 %
R 25 SRR, JU M T B AR N B 25 2 7
F CloU W & °F B, M T A fils o i 09 28 47 B0 . A 3% F
CloU #it 2k . NWD X T B A5 09 A [f] RUBE I A gk, (K] i 58
TE A DU /N R 22 (] A A AL

NWD J&—Ffifi F 0 — 1k Wasserstein B 25 3k 7 & 5
Wi ARV 09 S0 . R AR ST AR A 4
B AR, IR 3 — 1k Wasserstein $0 25, 3 18 45 7 = 3
oy AR Z T AU . X T B AR, KE s B S
RS2 48 B X B A TE , o R WA AR T B
E.OimSERBEREMNETSHTHREN DL S0
o i R AR A R T A A 6 R TR T A A
G F B EME L i Rk, R I, B A 2 HE = TR) Y AR
RLEE VT LA 5 K W A T T 40 A 22 TR B A A R B . i
BHE A= (x,scy,swosh,) Tl B= (x,.cy, »w, h,) B
BRI N, BN, Zr kiR A= 8) ~ (10)
[

Wi(N,,N,) =

( w, hu T i X Wy, hh >T
CXT,sCY s 2 ’ 2 s [CTpsCYy s 2 ) 2 ,

W3 ,
NWD(N,,N,) = exp(_w 9

2

(8

Lossywp = 1 — NWD(N,,N,) (10)
Foroc RS HARE BV TG WINLN,) &
T R

3 XBKRERSH

3.1 XRRBEESHEE

T BRSO L R ) T REME S T L T
T il 2 56 R0 X L S 0 3 A AH [R] A 3 55 3R B R0 A [ B9 )N 2k
WE PR, AWELHEH W RANRERS
Windows11, it #& NVIDIA GeForce RTX 3080 Ti GPU &
Intel Core i7-10700k AbFEES , EX R 2. 90 GHz, LI
5T R T CUDA 11. 8 fiA, Python 3. 11. 5, % 2%
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HEZ I T Pytorch2. 0.0, i ABE R T 5% —H 640 X
640, 452 B Il 2k (9 W) 46 % 2 R E K 0.01, AL &N
adamw , batchsize 2 64, Y ZRJE R 200 4,
3.2 HE&E

A SCAE T 3l I IR A O AR B BE IR 2 PV-HSD-
20255 PEAT AT B 2 VBT DL R A, HOBAR A B
WE 6 s, ZEIRAEAE 4 025 dkH7 A LG 1 B K
FoH IR 7220 100 Lo BEDL R 43 o I R 4 30 TE 52 AN 4R
it 25 181 ANBRFAAR A , 16 55 A BE R — 2R B A B pE .
B A v ot K 22 B0bw TR HE 1 T BUOF 5 AR Y9N T 20 pixel,
FR{EHE B 100 AL S 5 AR /N T 20 pixel f7 438 B8 7 HE LAY

92% ., BIEEARTEFBHWE 7 PR,

B 6 SR AR BE BB ]

Fig. 6 Diagram of hot spot defects on photovoltaic panels
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3.3 EXIEMIERR

K FAE 6 R (precisions P) . A1 3 (recall, R) 8
FE ) {H (mean average precision, mAP) % % (Params)
HNF S 2B E (GFLOPs)5 W8 bR P A B PERE . mAP,
FR M ToU BER 0.5 BF 19 T AFYIAE BEME . mAP o R
R ToU BI{E M 0.5 F) 0. 95,4k 0. 05 18—k i% B H
T mAP {855 B . SR T 5 A B R
HaE, Ml BNgEMNESENEEITES N,
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%6 1

GFLOPs HF VA6 5 1Y i 11 58 &2 4% B Fas A7 80% . AH

HEAR N
TP
P=TpFp (D
TP
R=TpFFN (az
1
AP = J PdR (13)
DIAP,
mAP = - (14)
n
3.4 HERTI

R T A AN o SR W A AL, BL YOLOvln
FER UEAT I B SR IR A4S AN K 1 TR, LR
biin 8o S LT 2R S oy i VR L D R = M R TR )

x1

B ¥ S GLGSA-BIFPN #5 # J5, & B ) mAP,, #
mAP 5 o S IRTET 1.9% M 1.6%. LK R, GLGSA-
BiFPN #5441 51 5 78 B 1 AL A 22 R R7AF & 3R g
HAHESR T RS A R UE B AR ) SR T R
PANet &5 #4 hREE R A 7 B — (B B (5 B8 BAS 2 55 (7]
AN TE T 22 RO H A 09 8 DU 44 B8 J0 =X/ B bR
IR, B P2 A Sk S AR mAP,, BERNT
6.3%» mAP o BINT 2%, SCHFWABE AN p2 A8 I % 14
ST DO £ Xk 1 2 A0 T R A 1 R R g BT R B RS
HARKE M AE J1. 51 A NWD # 5k 5 $05 B8 A mAP;, 3
T 0.5% . mAP 5, o BEHNT 0.2% ., X B NWD g4 5%
G /I F BRI AT 55 T BB A DG C R 3 R R BE 2 i [
BT T AR B SRR A S R R R R AR E L il —
A B R TR PR I M AR

R SRR

Table 1 Ablation experiments

Baseline GLGSA-BiIFPN P2 NWDLOSS P/% R/%  mAPy /% mAPy o /% Param/M  GFLOPs
v 68.6  63.2 67.0 27.6 2.5 6.3
J J 67.7  66.6 68.9 29.2 2.0 6.7
J J 70.6  69.1 73.3 31.2 2.6 10. 3
NG N 68.5 64.2 67.5 27.8 2.5 6.3
J J J 741 70.4 75. 8 32.8 2.2 15. 6
J J J 72.4  69.5 74. 4 31.5 2.6 10. 3
J J J 69.5  65.7 69. 4 29.1 2.0 6.7
J J J J 74.1 716 76. 1 33.2 2.2 15. 6
%, 554 GLGSA-BIFPN I P2 4 Il J2 L) & NWD x2 SIEEREAMEIR
WK BB G AR S S AR B m AP, Tl mAP 5, o 43 Table 2 Guided attention contrast experiment
LR TE T 9. 19070 5. 6%, A BEBLRL Y 1 WEEANE  P/% R/Y%  mAP. /% mAP. . /%
A PR I, B HE S8 YOLOv1Ls 1) 24%, A3 SE 68.9 63.9 67.7 28.7
ZHEAL YOLOvI1s [ 24% . S50k, 2 Mok 5k CBAM 68.5 65.6 68. 4 28. 4
WA A5 T T AEH X SEAR /N H AR SR 0 R 1 RE L 50 E T SimAM 70.5 63.5 68. 2 28. 6
AR SCIT A7 I A R EBISEB S 68.8  65.3 67.9 28.5
3.5 IfLEEm B2EEH 68.7 66.6 68.9 29.2

IDEIECSES - POl A i

FEAE T GLGSA b 5] T 7 2 1 HLil i) 26 22
PEAISEHEME . BEEL YOLO11 /il GLGSA-BiFPN 45 # 2 5
ISR, 430 FE A GLGSA #E¥um 5| S8 AR gl &
TR R UE T8, A BCK 5] 5 B o 4
W2 S AL SE.CBAM,SimAM 78 J yEA7 %t e 58, 52
WEERIME 2 iR, LTRFHMT SIS ER M
mAP 5, FlmAP o 53T T 1.0% A 0. 70, WEH T 5]
FHEE R E T T HE S 4 R R G G H AR
DXk, g A R R, AH LE T B Y A i R L
mAP 5, M1 mAP o5 FARUIE B AR I T 51 S EE 6L
il B A M R S T

2) SIS P 26 B0 X LY

HRIE R GLGSA-BIFPN 45 #4 78 /N H 46 i F 45 p
M fE 452 T &k B, 7E VisDrone2019 30 4E 4 F LI K PV-
HSD-2025 JGAR M BE B4 48 . #E B YOLOvl1n o S5 B 5
B, AR YOLOvIIn B9 J5 4G 35 %8 PANet 45 % ik
7 GLSA-BIiFPN 5 #4) Fl A< 3L 11 1) GLGSA-BIFPN £ 14
HEAT T X HSE G TP Al BARSC I 25 R N3k 3 f1 4 PR,

SEE R AEES T YOLOvI1 By 5 4 PANet BRI 2 ,
£ PV-HSD-2025 23 JF ¥4l & b, & 5 GLGSA-BiIFPN
ZEMY G BB mAP s, A1 mAP 5o 7 HHRTET 1. 9%
2.6%, H¥ GLSA-BIFPN 454, higF+ T 0. 3% 1 0. 3%, i
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Table 3 Comparative experiments of different cervical
networks on PV-HSD-2025

BB Y 2% P/% R/% mAP., /% mAP o /%
PANet 68.6 63.2 67.0 27.6
GLSA-BiFPN 69.0 64.4 68. 6 28.9
GLGSA-BiFPN 68.7 66.6 68.9 29.2

& 4 VisDrone2019 _t 7[5 5 A W 4 3t L L 16
Table 4 Comparative experiments of different cervical

networks on VisDrone2019

0 ) 4% P/% R/% mAPy /% mAPy o /%
PANet 43.8 33.3 33.3 19.4
GLSA-BiFPN 45.5 34.1 34.3 20. 2
GLGSA-BiFPN 45.4 34.9 34.7 20. 4

1€ VisDrone2019 28 JF 8045 4 b, B # ° GLGSA-BiFPN
EEM T AT mAP 5, Fl mAP 5, o WA SRTF T 1. 4 %A
0.9%, H % GLSA-BiFPN 4 ¥, #1 ## J+ 17 0.4%
Mo0.2%.,

X b Sz 2k B 3% I GLGSA-BiFPN 25 £ Z 4~/ H
PGl £ 4 4 L34 R LA T I 4G PANet 1T A GLSA-
BiFPN Z5#4 1 e 2 3. 10 AR 12 11 119 1) 4% 45 40 78RR 1F 42
W52 REERG T THER BEMH ., GLGSA-BIFPN 7Efl
ARG Lk — Ak A A B G B X I A ) R R R T
G

3SR RO L S 5

B AIE NWD 2k BB A 20t . A SO NWD Al
JURD BB R AT X L S, 5 RSk 5 i, s
FWFI A NWD J5 A mAP,, BA B4R, AL
YOLOv11 # 8 g 67.0 & & % 67.5. 4 Bl F ik 3|
64. 2% Bl B T CloU Fl MPDIoU i B A T 7 {4 1IE K &
F TR FE S BB PR B O 2 A sk H AR, AN, NWD 7EfR$F P
HARAE 68. 5% FYRTHE T, AL T 1 57 B 7% DU i 5% W%, 42 755
TASERISE /N B AR A1 B  E X A R ), 7E AR A
BN S HirE et E Rt BA R
5 F

RS BMEABRHILLWER

Table 5 Comparative experimental results of loss function

Pk R AL P/% R/% mAPsx /% mAPs o /%
CloU 68.6 63.2 67.0 27.6
WIloU 68.4 64.0 67.3 27.7
GloU 67.9 63.1 66.7 27.2
EloU 67.6 62.9 66. 4 27.3

MPDIoU 67.4 63.3 66. 2 27.6
NWD 68.5 64.2 67.5 27.8
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AR ABERHE 5 L IF 8 BRI St i, i A X Lb s A
YR FHAH TR I 2% 0 B DA DR A P M. 6 B T A R
YOLO % %1 (YOLOv5s, YOLOv8n, YOLOv11n, YOLOv11s.,
YOLOvI2n) RTDETR-L DA K SCk (17 ] CE i & 42 1 3 1Y
FrgOFOM P K& P2 &2 09 5 Kk YOLOv11-P1 A2k
kA mE 8 B, BARSTH AR 6 iR,

Detect

_________________

K8 YOLOV11-P1 45y
Fig. 8 Structure of YOLOV11-P1

M 6 T LI L AR SCHE A B a0k Bk AR 2 - R RE AR
Fr B EAE T BERTF. UL YOLOvIIn M FELRRIA, A
T IEHE mAP s Ml mAP o EASIRTT 5. 1% M 5.6%,
WERR R B Z8 40 AR TL T 5.5 % F 8. 4% , 22 W BT 45 (19 2k
HEOR W A A O T ORE R R AE $ BORAS A BE . AH b
YOLOvSn, 2 #8375 mAP ., Fl mAP, o 4% 5 #& F
9. 3% M1 5. 0%, HETH AN A | 43 HI4EF 5. 4% F1 7. 0%,
IR T SO A TE B A s T B/ B bRk AT 55
A L, B SSCE18 M AR . mA P, F
mAP 5, o SR TE T 2. 3% H 1. 8% . i 2 i Al GFLOPs
FEART 0.7 MR 7.7 G, 28 WSG9 0k (AR R 7 (R 5 4 ik
ey a8 E T TN BARk it RE. 5 YOLOv1Ls 48
LY o B SRR R AN L A RS B R T, S SR BRI
29 6.5 M 38 EBAL 5. 9 GFLOPs, J& 5 1 558 1Y 78 2 Ak
J7 . WA 55 S R T (i B e T 45 SR 5 0F L R Aan 9
Jr 7 s B JE MR AL B Dy A U 2 T YOLOv1 In Jde i R EE
BB . S0 3 B R SO B Y B R Bk, R T T/ B AR



£ F A T YOLOvLL B4R # 52 B AR St el 5 6
x6 IFmEBRILLIR
Table 6 Comparative experiments
(=873 P/% R/ % mAPs, /%  mAPs o /% Param/M GFLOPs

YOLOvSs 70. 4 66. 2 69.9 28.1 7.8 19.0

YOLOv8n 68. 7 64.6 66. 8 28.2 3.0 8.1
YOLOvl1n 68. 6 63.2 67.0 27.6 2.5 6.3
YOLOvl1s 70. 9 65. 3 69. 6 29. 6 9.4 21.5
YOLOv12n 70. 9 63.2 67.3 28.1 2.6 6.3
RTDETR- 59. 6 57.8 56. 2 21.2 32.8 108.0
YOLOv11-P1 70. 4 68.7 73.2 31.9 2.6 21.3
CERL17] 71.5 70. 6 73.8 31.4 2.9 23.3
AL 74.1 71. 6 76.1 33.2 2.2 15. 6

ol

5

(b) YOLOI In (0) A

(a) Original images (¢) Ours

9 BRIt BL A I £ 2R X T

Fig. 9 Comparison of detection results for improved

TR AE 32, A A AR T B A 5 S B o7 FH O T R B A R A Y
PEBE.
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Sk S5 BT 4 AR L 1 /0N B BRI 14 32 AR BE 1. 40
FLA P YOLOvIIn At #8578 DOTAvVL. 5 $4kE 4
Hl VisDrone2019 $H6 4 LEAT500% ., 3R 7 W F H, et

BYAE MK YOLOvlln #2748 K. P.R.mAP., .
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Table 7 Comparative experiment on the effects of DOTAv1. 5

ﬁ{f P/% R/% mAPso /% mAPso—gs /%
YOLOvlln 69.2  32.3 36. 2 21.7
A 74.4  37.1 41.7 25.9

mAP 5 o FHHRETF T 5.2%.4.8%.5.5% .4.2% . MNFE S
WAL 4 TR A B AT 7.4%.6.7%.7. 8%
5.4% UL B HE L LA — 8 i iz A, B BT 19 15 8
PR BT,

%8 VisDrone2019 2 R xt Lk L1
Table 8 Comparative experiment on the effects of VisDrone2019

élj:l: 4 P/% R/% mAPso /% mAPr)o—% /%
YOLOvlln 43.8  33.3 33.3 19. 4
iNS'q 51.2  40.0 41.1 24.8
4 & i

BEXF AN AR T OGAR 3 5/ B bR Bl B A6 Hh A7 A
PR RFAE $2 BCRE 77 55 « B AR RT /D B 7 56T 40 7™ 8 4 )
FET YOLOvIL 2 iy T —Fh Bt i il B, FEBHEA
WG R EE T GLGSA B, W58 R 5 4 R FRAE 2
BifE J), # # GLGSA-BIFPN 454, 42 7+ 22 ]I FRAF il &
ROR B P2 R Sk DUER FHEE LU/ B AR R I BE 97, 51 A
NWD $8 2% o& itk — 2 48 TR IR 2 . fF PV-HSD-2025
SGAR A BE B b B HE b3 B L ok B v A A U0 G B K e
HFEEUER R . ¥F DOTAvL. 5 5 VisDrone2019 (445 E 1Y
AL e T B8/ B AR R iz AL Be 77, Rk ¥ ik —
A A A B B B G A AR B Y B AE LR MR AL
TAE.
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