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YOLOv8m is known for its compact design and superior
performance, making it suitable for deployment in real-time
monitoring systems.

A curated dataset was constructed for training and
evaluation, consisting of both colored (RGB) and grayscale
images of solar panels collected under various illumination
conditions, angles, and environmental settings. The images
were annotated to highlight six prevalent types of defects
observed in real-world installations: cracks, hot spots,
delamination, bird droppings, dirt patches, and broken glass.

To improve the model’s robustness and generalization
capability, several data augmentation techniques were
applied, such as random flipping, rotation, brightness
variation, and Gaussian noise injection. Hyperparameter
tuning was conducted to optimize learning rates, batch sizes,
and anchor box dimensions. The model was trained using a
transfer learning approach with pre-trained weights on the
COCO dataset and fine-tuned on the specific solar panel
defect dataset.

Furthermore, to extract spatial insights, the metadata
embedded within the image files—such as GPS coordinates
and timestamps—was utilized. This data was combined with
the defect detection results to perform spatial clustering and
distribution mapping using GIS-based tools and statistical
analysis techniques.

Results & Discussion

The proposed YOLOv8m model achieved impressive
results across several performance metrics. The model
recorded a mean average accuracy (mAP) of 97.43%,
a precision score of 97%, and a recall rate of 97.58% in
detecting and classifying the six identified defect types. These
values were consistently higher than those of traditional deep
learning models such as Convolutional Neural Networks
(CNN), VGG16, and ResNet50, which served as baseline
comparisons. Specifically, the YOLOv8m framework
demonstrated a relative improvement of 1.5% to 3.5% in
detection accuracy over the baseline models, highlighting its
effectiveness in handling complex visual scenarios.

Qualitative analysis further supported these results,
with the YOLOv8m model accurately localizing defects
with tight bounding boxes and minimal false positives. The
lightweight nature of the architecture enabled near real-time
inference on standard GPU hardware, making it viable for
deployment in field conditions.

The integration of spatial analysis added a novel
dimension to the defect detection task. By correlating
the defect locations with their geographic coordinates,
patterns such as defect clustering in specific panel zones
or environmental exposure zones were identified. These
patterns suggested that external factors like shading from
nearby objects, accumulation of debris, or exposure to
extreme weather conditions could contribute to defect
formation. Such insights can be used to develop location-
specific maintenance protocols or preventive interventions,
thereby improving the overall health and longevity of the
solar panel infrastructure.

Conclusion

This research introduces a comprehensive and scalable
framework for intelligent detection of solar panel defects,
built on the robust and efficient YOLOv8m architecture.
The system not only offers high accuracy and real-time
performance but also incorporates spatial intelligence for
deeper understanding of defect trends and propagation. Its
performance superiority over conventional models and its
operational feasibility position it as a powerful tool for smart
solar farm management.

By facilitating early diagnosis and enabling condition-
based maintenance, the proposed framework contributes to
reducing operational costs, extending the service life of solar
panels, and enhancing the efficiency of photovoltaic systems.
Moreover, the integration of machine vision and spatial
analytics bridges the gap between technical diagnostics
and actionable maintenance strategies, paving the way for
smarter and more sustainable energy infrastructures.
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1- Recurrent Neural Network
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1- Confusion Matrix



(=) ebdlas Oldbl bagh - ol dolilad

£/ ... 3leslaiwl b G y95 sy Cgus 5095 guiuaiib g s

39 0b Shoml 230 ok peled D3 s e 4
S5 45 23,5 4T Ol e g samman 3 Lilesls 0L
Sl Ul s as s Vil b Gaes olene
Eel VBm Jy Jue 55 slas 5 SIS Sledbl O jan
xS 533 Sluadb 5 el s Jde l Gl el
Sl e s S e ol Sl sttt sl by
L;)Lw;@z&gual wlﬂ@b gl e s
23 e3sar Al AST alivs oale 5 osls ¢ 55 L il
So3r2 b Ol b 5 c3s &S oo slas )8
3l P Jde s jB3sel b Ky, 0 6K Lol
53 s e O g by e duaid
Sisel oys3 Voo L VECLS Jy Jbs ol Caad
S O 2l 28 Ll o3 S 0 25 ) 5 S e ol Kot
Sl Mo 4 pade opl towd S bdie ple 4
S S el 3ge] Glaeyss geS slda 5 jesl
sdzen a8l lS b a4 Llpn e s sl ol
Fa dbe 4 b s e O Caend 3,50 5L 1 Laesls
5 ol ol SKaa il oyss VY L aS ol V8
Jolas o kaasOlis b das o QLA 1) S5 ey )5 55
S Sl Jaggal Glao, s slin 5 Jhe Ges o conlie
Jor e b e sl S S5k L3 e eld Esly
LS Sl VBm S by o o a3 il S
05,5 b 15 383 55k sl a5 i sl 6553100
el il 5l Jsb s 1y O e o %S
Goloxs 51 Je (pl Gge (5,80, o ka0l al
e &S ol el uls ang ol o sa i
ool 5 a0t 3l S e el Ses @
o=lBl (IS b 4 cd eld jaskis C3s o YL
B el e 4 Jde Sy 5 isel slaesss sl
5 280es s Shol Jolse 51255l el G
Koz e ol San
b S dadie s Shee SGas o n Lskee
S gbolen i pbl & Jpir mlo el U

An dhe 650 tan 25550 ae oSS 500255,
ot CES (gluaib 33 Sle 55 Ol e |, VB
2,5 sdalin &8 50 Gl IS lad 53 2k 5
A 83 Sk 4 Sl ol 35 5e Je opl 4S5 5be
el el 5 YL 45 L s TAV/EY
OV g Wl gla WIS 55 ka3 Sae ol
Folsds LT par e 870 1 Loy 508
sile 3L YL Oloman Jdo 35 5 odd Li> 35 ol
2 U5 b Seda s Slas ol ol s e
O 28 e VBM 5 Jde eddaig 5 550 (Solene
Wt Sl VB g el gl Sl slaasens 5 Jue
S sl 51 VB-CLS g uibe 3K laasens
Fodeg Sl pl o p e 0 Rl sl el Sl
Robas 3658 sl Shs U des e OB Je
G205 gbesls 53 1) 5 S Sl 5 e S 2l Sl
Sl Golers 51 VBM Jg e dleay uS plulis
L sdoaib 5 jasil adby Objen oS ol Jlo 55
honih 1 6,0 OLS e 1S o 3 s o ol
e ol L3l e Sl b sls b
5 Sl 2425 L VBCLS Jy &5 ol Csl sl
Lo DS B33 (plulid s Simb 63 Shes i e
0r iy Libe gladde LVEm gy acolis 5L atils
Jie 35l i Ly e 5 0 SIS 55 VGGG
Koyl (63 Shas 740/4V s Sl L 0 i,
S 25l 4 LS kil 56 Ll ol VBm s
3905 VBM s 55 oS ol wldedir b S5 s
(et d (S5lams 85 le VGGI6 Jls ¢ pioen .35
Ol sse ol S ol 2265l ol e 3G
5L ONN Jo (503 (5 gm0 45 3 0Ll S
Lol S gee 5 S glajlitle 22850 uas S
Slaosls 3 b s rar gl S plied sl S
5 e by e lal Osmen Vg L

1- Residual Connections



VPP Oy AV o lais FFo 95 Lanm) il Oledbl iagh — sale dsbiliad

Scientific - Research Quarterly of Geographical Data (sePEHR) V0.34,N0.136, Winter 2026 VY «

sl leslaal cul Ose S sl 4 g
e wleld podle aS syl 1) Cue ol sl
48 50 e 53 Caeme GBS Card s e O
S S Ul5 e i opl s e ol st
el a0l Ol e w03 500 Josi 1) e S0 5 8
B P I R LRt P e e
b s bad 53 Supd el b ol iy 405
bt O gl o i Ll YL et b e
Slhas (iluang 5 LS Ol pan srombz L3
3503 (6514685

S8 Slasie BB sl 5l Guiss cpl 2 4 )
L plisl ol olgity ool Wl i o oslind
Lo g5 ekid | GPS olasion iy adly SlSe slaesls
Comdge S b Ol oo has slas )8 5o 5,05 15 5lg
et et Jde s 4 Ol Jlasl 5 b S 383
GIS (sloaii 6 3 L bl mis S Lo
Silupraas 3 L5 5ot (p) 3500 iluesly
Ghedspr la i ang Cupte 5 &1LS i IS
Olpeas Skl opl Jas oy 358 Bl S50 Sl
el a5 S 15 L e s glalS 51 i

Sia e (s ol gyl 5SS
s S wle Ldd b 2lprscl Lyl b 63 28
50 olsas paze 53 LS (S b oaid oL Lk
Lyl 5 s Ul Jie STl oslin
3l 1y B s s b 5L 53 S Al Coans
Gladass 51 laesls dnl Sldlas s ol oY Ll
Sl b o pd a8 5w ol (gl Ll 5 0> a8l
258 3 Ll ssse JalS sba die (6 dens

SR onl 03 alas (63555 031 oS LT ) e
oy Cews 5Ol e sl W exAE e
a1 ls 5 g5 S 55 S tile i B jl Sl

1- Geographic Positioning System

s IS 155 VBm (ool e 35 o s sl
oo il atils s gy ploa coed 5L s e
Fl- a5 (S S D) (52 ol gla WIS s
el Cewsas JAV/EA 5 7AV/08 3 4 score

TSy a8 wle LS s Jb el b
& (F1=/4V/80) "0, N pas" 5 (F1=/AV/YA)
Js s edalin baanas plo 4 s (g rae sl
Koy 5 il sl S gl alid 555 ol Lol
bl s Sgosba ccd IS sl o
Wl s S 5 51 L 5 58 51 LG slaas)
ol 3l o ge el ol ies OB, N pas Ol L
e ok IS 5 s Suaih el

(DB bl 5 Gred) Wle plaazas  blas s
sl b o 5 Vo ol 28) 2l 6 po o3 Jidoey
Wos e 0L s ool ity s S sl £
S8 Obmer VBm Slp 5 s Ses o5l &S
S kel Yo el cals L gl S
i b g S5y 3l eslinad Ll LSS eSS
L lin gla oIS (gl o350l (slaesls o il
Aes WTransformer s s oS 5 sladds (5,8 54

5> V8m g dde S das e 0L S L
Sbadie ploar ol gl 5 gl o e g duail
AL s lls VBmM-CLS s 5 V8 g aibe il
S Sl Jde ai iy oleme 31 AU 6 5 ) el
C2f &Y .34 » Anchor-free Head 5 C2f 4N ol
Sl gl Ol (o gla S5s oS5 L
s e S5 s BB a5 5 e i
OX& Jesle o 30 Anchor-free Head 3 LS .o V.A\J_e
3o gl EalS 5 e Cambsn g Al
C3s Gl Cel bl ol sl e wr e slaaer
Sl VBm gs (VL Jeily 5ol snie e s
S o DL Koo il il js 5,55

(o sy b s e a5 S



(o) bl iz Sledbl iy — ole doliliad
YA/ loslainl b guads y95 (sa oy Qe U095 (guinalinb g (onsid

Training Progress of YOLOvV8-CLS
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