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Defect detection of small targets based on the improved
YOLOVv11 photovoltaic hot spot
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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-BiIFPN
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-CNND™ Z 3, & i
PR L — FR i e DX A8, SRR RN 3 8 X3 3 AT 0 2 i ]
3 35 ik AL AR AR B LER R = T AA
B i AR e M . HR B T I SR A5 4 10 B e vk, HE BT
LA X 5, 3 LA R T LG AR FREE A T S I M 11 R
K, F Transformer ¥ I B £ 41 DETR (detection
transformer, DETR) M 8 [ H & ) HLHI & 2 )/ L F 30k
F o B8 v 3 3 JC 95 A AR AR A0 ] 7 0 B, T S A A 48 B BE
BRI o X80/ JR 5 O AR R B Bl B B TR TE BLR B, SR
T, He e SUR TS TF 85 K (b DETR S s @ ik 40 MD |
YIRS, AR AR & AE R i ik & B
Me, AHLZF B BRI 7 ik 0 BRR 22 0 4E A I Csingle
shot multibox detector, SSD)™ & ¥ F1 YOLO (you only
look once» YOLO) ™ 22 F1I 7E {45 5 T 19 45 13T fy 6 A 1
GLE TS A i 18 N S NI e A | 275 N
H ARSI A 5 2R T, AR BIR YOLO Z 51 68 £ H A A6 I RS 232
SHEBIROR Z [T T R, S e AR Bk e G 0 42 it T
BT 5 AR B XSGR/ B BR BB A U AT 55 L 2
FAIX YOLO RIIBERIIT e T Z Fh et 3R K. fLIn %
SEUUER VLT YOLOVS 6 (R AR 21 A1 B4 BEAG I 7 3 A
Neck ZE5IABRYGTE R 7, B SRR IE Rl & 23 72 b i 3 4R
WCRE F1 , 15 FH 58 4= 38 - b 51 2k PR %X (complete intersection
over union,CIloU) LA B 45 My X 4y K 52T 5 /N BB H 45
P TR IMRS B A A AL 38 22 RUBE /N H AR AT 3R 3R 4
B H AR B 0 N ML A 20 41 % 5 D AR SR BE A
M SN T YOLOvSs-HWHA Bt 83k, 78 £
W 2 J5 o 5 ) A R R A TEA M4, LUK SRERAE A 88 1, T
5 WloU 4512 pR ¥ el 1 30 FHE A1 9 5t &, 42 5 1 % [
MEAEAS 1 K6 U e 7 o (B R TR AR TE AR B A 7 X7 B,
I8 22 % 32 Y, 3 DA 3 N7 2L A G T 22 RUBE S Y BB H
B s A7 7E Jo A5 SR P A S 1 o] R, 2% ok A5 A e AR e
SR AR LA IR 52 25 3 50T /0N E A M A T 1 1) A8, 42
A AT YOLOVT-EPAN fZL 41 G ke b A 00 125, 5
AT R AR R AE R A W 4% (efficient layer aggregation
network, ELAN) 153 — fb 7 T Wasserstein 5 #1 2% p&
(normalized gaussian wassertein distance, NWD) ,  &{ &%
fif T /N AR DG B PR 55 R 2k A [m) L, {0 G 2 00 Rl
36 M, 7F i1 % & 45 b i & R B, w0 B X
YOLOv8n K FHE AL it AR 3k /1 40 ik o 7 1D 26 BEAS £
TR £ %8 ASF-YOLO i S8 AR, A5 A Slide Loss
e BRSO AR R L B AR o) B YR VS R AN 11 L) g T A
DKS BE o BT 4% ik Ak 5 R RS 8 2 () A5 A7 A0 P i B dl . X1
E PR B X I AL T A /N B BRI 3 5
YOLOvIL 9/ B R ik . i i 51 A XU AR45 1 (dual
convolution, DualConv)""*'#4# ELAN-DC B, $2 7+ T 7%
JERHAE S IRRE 7, [R) s B 3 Ry 35 40 9 R 4 SRy AR AR 18 XL 1] Ry
TERLES548 IR 5 AB SR L, Rk R FERAT/NE
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S A R AT ARG T 3o R P AT SR A A R O A R R A
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T B AR /N B b B I A ek . BIESY R B TR .

D gl 5 X R -4 R 2 B B 7 BB (guided
local-global spatial attention, GLGSA) , filt & 51 5 i &= S 4l
il 4Ry bR SO Y R A N R, R R AE 3R 3k Y )
SPE S 38 5 90 2% % /) b S S DX A SRR BE O

DM T B 2 R R AR LS 45 GLGSA-
BiFPN, 45 & %W 0] 435 fF 4 57 3% W %% (bi-directional feature
pyramid network, BIFPN) " ) 5 2k fil & %K 1% 5 GLGSA
A RFAIE G 5 BB T SE XA 6] RUBE H b i v O SR TN
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YOLOv11 J& Ultralytics 23 ] #£ 2024 454 H (1 — Flogr
Y A 0 B3 O 2 8 A 2y T N 4 S I 2% D) K
R 3k 33 3 B 4 AL A . 32T R 4% R HH A AR R AT SR B T
1R WA RS (C3k2 BEH R 18 4 7 3% W B B
B (cross stage partial with pyramid squeeze attention,
C2PSA) J M 25 H] 4 5% ¥ W 1k #% J (spatial pyramid
pooling fast, SPPEF) Fi g al . H iz AR A C3k2 Bk s
TR Caf B, BT T LYY & 1 1% , SPPF %
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47 W [ 5 48 BERRAE L 52 T TR RN 22 RUBE B B 19 38 . BB
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BT, 20450k H %2 R A M 4 (path aggregation
network , PANet) """ 85 14 fF J FRAE il 5 B 42, 45 & T H
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Fig.1 Structure of improved model
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TE/ BFRAIAT 45 v, JUH R an e APLA A T By 64k
B R Bl o A X R 2L A R B 50T, B AR R4 B AR R
AN CBCHLES L RO L BT PR R AR AR AT, T T O A
2550 BB A FIR A . O T SR L 4R AE AR BE 1 5% 42 7 Xt
/NEFRI IR BE JT, % 4 )R R &S 8] 1 & 1 (global-local
spatial attention, GLSA) Y )T &, AWK 2 FioR,
Wit GLGSA 513320542 J 25 8] 1 3 S MLl B e,
ZEF i 3 FiR .
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Sl E R TR IR B GLSA & RvE & J1f
JRESER A R E 5] MG RE T HiR
IR, 5 52 8 5 T30, @ s d f s . i i it
T 51 SHLHI (guided attention,GA), 515 M52 R
FRAEE G G A A H AR K sk, Hegs M &l 4 iR, 51 %
ML S T 7 ) 2 28 il — 1~ 1 A HL % 1Y 4 Jm) il
REE S, LSS5 2200 )5 F 0 42 J5 4 S N &L
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Fig. 3 Structure of GLGSA
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AdaptiveAvgPool N b e SN . 4 N
A N TFL0L 1B & AL AT AR T )5 22 R 38l &
— JOAFE 1 51 SAFAE T G HIX B, b DWCony 9 %1
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B4 5lS%E 50 D
Fig.4 Structure of guided attention Hd,6 & Sigmoid PEEL. Conv & 1 X1 HEF, GAP
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BRAZHFAE b, DISEER T T X 1 G 2 BN B AR DI 8
HERERE T R BE TN AR 5. BRI R

i 11X BBk K4 . L it 2 A, s
FHBR BE T 43 1 25 R 55 Jm) 198 25 (] 53 AR S 0 B 7 . 98 I AE £
83 P R ) R A 18] 0 58 /0 F AR DXSURRAIE L A1 1 5
MR . R R TE R 2 SR A () ~ (D P,

F,.. = SILU(Conv(DWConv(ReLU(Conv(F1)))))
(2)
F“,=F,.*CA(F,.) *SA(F,.) +F (3)

Hrp, Fil, RRESEE 5 F o ARTEER
P RACTE 11 QR SR /NG 11 S Tl PO R s SO )
144,

SRR 15y T A R Ay Sl XA FRAE AT
R SCEEL A ERE LR KRB R AR
W SCAR B DT $ FHREAE 19 40 500 6 g, #b 72 T R 2 R
BAOMAR, HiEARXm=X (D~ G xR,

F,.,. = Softmax (Transpose (Convy., (F:) ) ) 4

F , = MLP(F ., @ F?) + F* 5)

For, Fiu AR 3L F e HRRER
R SCER R, QFR R ERE . MLPC - ) H A2
IR A —A RelLU JE&MEMAIELIZH B, MLP (95
1 EH R AR — Y B 2 WEgEsE, 8 2 2
4 FOR 52y 5 % A HH [R) R 45

FRAERL G I R A &5 o L i & 5l R EE S
G135 TE B B R AT, 33 9 S AR A 58 S DR 4 RN LB AR R
I AR B RARAE . HAFRA R R

F..= F}, *GA
Flipu= F%,., % GA
F, = SiLU(BN(Conv,,, (ConCat(F’,., ,F;,,,,m, D))
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TN B AR 2 AT B 3k A2 B BRI L 40T RRAE
BoEREWRUL.
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0854 . BIFPN AR §E A B0 T A1 H T i b 8 X 1) 1 4%
R B T 22 B R Y S A i S G, AT A S
ALl AL T Sh PP A 45 ROBE R AR 1 STk A B2 L DR AR R AE
PR S RlA TR AL A AR T AR RSE 5 R B AR A I
A7 T 2R B0 (0, S b R /N AR R I rh R TH AE A R BR
/N B AR B B R 2 SR R R B 2™ R 4 B
Z 5 IR G 45 5 BUEE B .

A ¢ 4R i GLGSA-BIFPN 45 #4, 3 45 #4 #n
GLGSA B A g ME 5 iR, Hrbh GLGSA HiHu4f
AT BiFPN W5 — il &1 S Z 1 i A 32 90 4% i s 1Y)
P2.P3.P4.P5 FEAE &, 2 A% He3E 1 Ry #8-42 R X4 S 454
A2 () 1 3 7, R B 43 SC4R TS0 B 3 4% A A R E RRAE
G JRy Ay SRR TR SO SO FIBE E Y BHAR A A . IR Sl
FHEEHAEB -k BARE N ERY, B A A B4
R TREAL S HAR M X k. 7E3E A BIFPN 9 AR FAT
ALTE IR A T3 ACRRAE L B 32 3h 38 88 /N B AR BT 7E 07 BB
W) 7 588 B, H T HL A il B o R B AR X AR DA T ek 2 A
JE SR A AR RAE TS B R A AR T /D AR
HEAE 0 J2 B0 B 0 1), 3 0 X — JB 1S AL A B ML
GLGSA-BIiFPN Z5 #4763 8 BiFPN H & 1 8 18 Jin A £ 3
o TR B 358 T D £t/ E AR R SRS A S R SO S Bk
AEBRE T R T S K IR B R AR R AR BE T, AR
i3kt T BRI O [ R AIE w2 )
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Fig.5 Structure of GLGSA-BIFPN
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FE I R 2 00 40000 B R AE AR B AT 0 25 48 TSR A /N H
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2.3 WEHmKEE
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R 22 SRR, U U B AR N B 2 2 R
F CloU W &2 F B, M T A fil o o 09 28 47 B0 . A 3 F
CIoU #it 2k . NWD X F B A5 09 A [f] RUBE I A f50gk , (K] i o7
TE A DU /N R 22 (] A A DL

NWD J&—Fpfifi F 0 — 1k Wasserstein B 25 3K 7 & 5
Wi A MRV 0 S0 . R AR ST AR A 4
B An , IR 3 — 1k Wasserstein #0825 , 3 8 45 7 = 3
oy AR Z AU . X T B AR, KE s B
IRHRAS 2 48 B X B TE , o R WA A T B
E. w5 ERBEEMNETSHTHREN DO S0
o i R AR A R T A3 A 6 R TR T A i AR
G F B EME AL i Rk, R L, B A 2 AE = TR Y AR
ARLEE VT L 5 S W A T T 40 A 22 TR B A A R B . i
BHE A= (x,scy,swosh,) FlB= (x,.cy, »w, h,) B
BRI N, BN, kiR A = 8) ~ (10)
s

Wi(N,,N,) =

w, hu T Wy, hh T
( CIwCyu7»? ’ Cl'/,v(‘ym?»? > ,

VW3 ,
NWD(N,,N,) = exp(_w 9

2

(8

Lossywy = 1 — NWD(N,,N,) aon
Horp e S EAREFEVIM R E LG WI(NLN) &
RN S

3 XBRKRERSH

3.1 XRREESHEE

o T B AR AR R S S R 1 T R S T A TR Y
T il 2 36 R0 X L S 5 3 A AH ] A 3 55 3 B R0 A ) B9 )N 2
BE P R AR WS R T LB E R &
Windows11, it £ NVIDIA GeForce RTX 3080 Ti GPU &
Intel Core i7-10700k AbHEZS , FMH 2. 90 GHz, LHIHBE
JriE R JHT CUDA 11. 8 jfiiA, Python 3. 11. 5, IR & % >
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HEZ T Pytorch2. 0.0, i ABE R T 5 —H 640 X
640, 5% B Il 2k (9 W) 46 2 2 R E K 0.01, AL N
adamw , batchsize 2 64, Y ZRJE K 200 4,
3.2 HE&E

A SCAE T i I R A O AR B BE IR 2 PV-HSD-
20255 HEAT AT B U 45 VBRI DA B AR . HOBAR BB B
WE 6 Fin. ZEIRAEAE 4 025 57 A LG 1 BR K
FoH IR 7220 100 Lo BEDL R 43 2o I SR 4 36 UE 52 AN 4R
it 25 181 AN BRFAAREAE , 1 55 A BE R — 2R B 1 BBl .
B A v ot R 22 B0bR TR HE ¥ T BUOF AR Y9N T 20 pixel,
FR{EHE /) T AL S 5 AR /N 20 pixel fi 4 38 B5 7 HE LAY

92% ., BIEEARTHHWE 7 PR,

B 6 SR AR A BE B R

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

K FAE 6 R (precisions P) 3 A1 (recall, R) 8
FE ¥ {H (mean average precision, mAP) .5 % #& (Params)
HNF 2B E (GFLOPs)5 WA bR iF Al A B PERE . mAP,
Fon Y ToU BEN 0.5 BF M T P EIE . mAP, o £
/&2 ToU BIfE M 0.5 5] 0. 95, AR 0. 05 T — UK % B4 i
T mAP {8 55 BOFY . S 80 H T A B Y R
BB, B BEmg RN ES BB EITES L,
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6 1

GFLOPs T VA5 5 1Y i 11 58 &2 4% B Fas 17 80% . AR

AR N,
TP
P=TpFp (n
TP
R=Tp+TFN (z
1
AP = J PdR (13)
DIAP,
mAP = - (14)
n
3.4 HERILI

R T A AN o SR W B AL, L YOLOvin
FERNUEAT I B SRR IR A AN K 1 TR, LR K
TR B 5 B G AR e B ARG I M B . L oR SR 45 4

*1

B W A GLGSA-BiFPN %5 ¥ J5. & & ) mAP,, M
mAP 5, o S MIRTET 1.9% M 1.6%. LK F W, GLGSA-
BiFPN #5441 51 5 78 8 71 AL AN 22 R R7AF & 3R g
HARHSR T JRER S A R SUE B AR ) SR T R A
PANet &5t RRE R A 7 B — (B B (R B 38 BN 2 55 (7]
AL AT TE T 22 ROBE B A 0 8 DU 44 B8 I8 =X/ B bR
PR, B P2 AR Sk S BB mAP,, BER T
6.3% » mAP o HMT 2%, SEHFRWIIG I p2 Ak 3
R T 2506 2 Al R AT R T RE T L B T TR BN RS
HARK I EE S . 51 A NWD $18 sf 55 8L 1Y mAP,, 3
T 0.5% . mAP 5, o BEHIT 0.2% ., XiHH NWD fg4 5%
GE Ak /0y BARAG I AT: 55 oy TE B7 R A UG TS A 38 0 R 2k i (1)
AR T T A SRR B SR AR T R e M i —
Ao IR T R AR I P RE

R SRR

Table 1 Ablation experiments

Baseline GLGSA-BIFPN P2  NWD LOSS P/%  R/%  mAP,, /% mAP; o /% Param/M  GFLOPs
N 68.6  63.2 67.0 27.6 2.5 6.3
J N 67.7  66.6 68.9 29. 2 2.0 6.7
N/ N 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 N 741 70.4 75. 8 32.8 2.2 15.6
J N J 72.4  69.5 74.4 31.5 2.6 10. 3
J N J 69.5  65.7 69. 4 29.1 2.0 6.7
J J N J 74.1  71.6 76.1 33.2 2.2 15.6
B2, %54 GLGSA-BIFPN #1 P2 # | 2 L) B2 NWD x2 SIEEEAXMLIR
WK RBUE BIE  SGHERLBL mAP s, Ml mAP o 5 Table 2 Guided attention contrast experiment
LR TE T 9. 19670 5. 6%, A BB R Y 1 WEEANE  P/% R/Y%  mAP. /% mAP. . /%
A FTH I, B S8 YOLOv1s 1 24%, A3 SE 68.9  63.9 67.7 28.7
ZHEAL YOLOvI1s [ 24% . 45k FE, 12 10 Mok ok CBAM 68.5 65.6 68. 4 28. 4
WA AR T T RIS AR /N B B B R 1 R 0 AR L Bl T SimAM 70.5 63.5 68.2 28. 6
AR SCII & s i B AR KBS HEES 68.8  65.3 67.9 28.5
3.5 xftbs JISEES 68.7 66.6 68.9 29.2
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Table 3 Comparative experiments of different cervical
networks on PV-HSD-2025

BB N 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
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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 ¥ 845 48 b, B # ° GLGSA-BiFPN
EEM T AT mAP 5, Fl mAP 5, o WA ST T 1. 4 %A
0.9%, H % GLSA-BIFPN 4 ¥, #1 # J+ 17 0.4%
Mo.2%.,

X b Sz 2k B 3% I GLGSA-BiFPN 25 # f£ 24~/ |
B A DU B4 4R B 3 B0 A R 4R PANet ATEL A GLSA-
BiFPN S5 ¥4 1 e 2 3. 1d AR 12 11 119 1) 4% 45 40 78RR 1F 42
W 2 RO RS 77 B A B E I, GLGSA-BIFPN 7 fil
B R Lk — 2B Ak A A A G B X I A ) Ry R B R T
G

3SR PR L S 5

EAIE NWD 5 2k BB A 20t . A SO NWD Al
JUFD B R AT X L S8, 5 R AR 5 i, K
FWFIA NWD J5 B/ mAP,, BA B4R, AL
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Table 5 Comparative experimental results of loss function

Pk R AL P/% R/% mAPsx /Y% mAPs o /%
CloU 68.6 63.2 67.0 27.6
WloU 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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Fig. 8 Structure of YOLOV11-P1
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Table 6 Comparative experiments
(=873 P/% R/ % mAP, /%  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-1 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
CHRL17] 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
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Fig. 9 Comparison of detection results for improved
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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
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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
A 51.2  40.0 41.1 24.8
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