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Abstract: Road defect detection, as an important method for measuring pavement damage and maintaining road
maintenance, faces challenges, including extreme length-to-width ratios, varying defect sizes, and uneven distributions of
easy versus difficult defects. Current convolution-based methods have achieved larger receptive fields to enhance
perception, but at the expense of higﬁlfrequency components that contain small defects, making them unsuitable for road
defect detection tasks. To address this, a road defect detection algorithm, FS-YOLO, based on frequency enhancement and
synergy of geometric shape and category, is proposed. First, to balance the receptive field and high-frequency
information, a frequency-adaptive dilation strategy is introduced, dynamically adjusting the spatial expansion rate
according to local frequency components, and assigning appropriate convolutional kernels to defects of different sizes.
Second, given that different types of defects have distinct geometric shapes and positions, an attention-based three-
dimensional explicit synergy dynamic detection head is introduced to achieve explicit synergy between spatial geometric
information and category information, enabling the model to leverage the inherent potential of defect categories and
spatial locations. Finally, the Slide loss function is introduced to address the imbalance in the distribution of difficult and
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easy defects in real-world roads, particularly enhancing the model’s ability to handle difficult-to-distinguish samples.

Experimental results show that FS-YOLO significantly outperforms the baseline model in terms of precision and recall on
both the self-built dataset and the public road defect detection datasets RDD 2022 and UAV-PDD. It has also been
effectively validated in practical applications on expressways and national and provincial roads, significantly improving

the accuracy and efficiency of defect detection.

Key words: road defect detection; deep learning; computer vision; YOLO; dilated convolution; explicit synergy; attention
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(c) Dilation map

Special Issue & it £k 69

© ERSEBIK T

http://www.c-s-a.org.cn


http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

it E RGN

http://www.c-s-a.org.cn

2026 4F #5354 5511

FE ARSI A, S6F T B B 37 AR 15 3 1) A
HRSEE F, 20K %6 25080 1036 B AE Conve T
TR

5 = ReLU(Convy(F)) (14)
Horf, ReLU FRARIE H&zﬂtﬁ,aﬂfjﬂjmﬁﬁaf
2 B 5 s B, AR Rz B S BRI &
B B2 (Al ZE AL 9@?52 B R REIR, FATRRE H K
/J\j::s BB N p MAHRFIEAFP, BRI Z B RF (p) 5
S(p) AL B AAATR], AT LARE AR

RF (p) =8(p)x(K—1)+1 (15)

[, 8 7 5 B 5k AR B A E B E K,
BATHH S ) A

HP(p)= >, IFP ) (16)

.
(u, V)E(]'{(S( )

%, B4 F AR AT Bl Ag :
0=maxg() RF(p)- ) HP(p)  (17)
S, BTV L L B TR B (0 M SR R L 3

BHBUL 3G SR I P B U0
KxK
X'(p)= XiW(p+d(p)*Ap) (18)

i=1
2.2 ZHBRMEEHZSEMN L
FEALGE H ARR AL 55 v, SRR 2 18] £ 37 2 A
TR IR 2T LLSE i i 355 B A 00, 38 B 2R UL 5 e
RN, AN A E BT B A TR AL B B A
A, K& YOLOVS 1 H bRl Sk 22 Fa s g 45 1

25 I R, (H R XA B LA 78 0 RIEPIIL

16 H bR B FE R . FRATIA e 0 55 1) 28 A s U
il {5 BT B A H, AR E}fﬁvﬂiﬁnﬁcﬁﬁzwﬂ
{1 P ZE P [0 e "y
NI, ZI:I%I)\T‘:?&E&%MEW [F] (1) 20 25 Ao
3k (ESHead), Wil 6 firw, HAIH 2 A B = IHLHIE
JUBE RSN 25 A AT 45 B (e R AT B s
BRI BARR Sk ) 2 H AR AR A fe ). Bk
KUk, ZhASKISL A 3 B F = I HLH] SR A
[Fi) 77 THT PR g, AT DAROR A
¥ = Ac(Ag (Ar(x), x), x) (19)
Horb, RBEIRANE =) AL N RAE KT REE b5 23 )&
%n/j?%ﬁﬂsaé/f SR PR A R 4E 5 AR S5 IR AT =
Ac NFREA{EWEEYERE b, BT FrinfEaE 6 frs.
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Ac

| 1000 |
A E\Iormahze
A, ——
Silgﬁfcid\ Offet | (F ]
i ||
[ ReLU | (Sigmoid | | [ ReLU |
) ~ i [
Conv Ix1 | CO“V3X% { Fe ’
o e o
Avg pool | &iei/ [ Avg pool]

b 4

®

6 =R X i [l Eh A I 3k
23 B RS
YOLOVS BRUR A T 52 G40 5% iR 20 BCEWith-
LogltsLoss SR TE 4 1 PRI 200 B AS BT, N
Jeiz H Sigmoid WU R #L, 285 T 0 A8 U R R
(BCE) #i4%. {H i T-EE B R Fe i I 37 5% T, H0H 70 A
A7 AEHE Ty A A AN 25046 1) e . 4 A o ] e A B
2, MEREASECE D, SO ) T ST f SRR AT
ToVEMER 73 R AR AR 51X — ) &, AT Slide
loss A E R £ 5| N\ T8 2% 95 T5 A AT 55 Hh R A Ak bR 4, J8
o B A I AE 55 E A7 PR A IR FEE R S50 R A AN~ 1l
FIPRER. ZE N ZRBY Bt S A0 R L RE I, 1% e O AE 5328
HIREAR D TR IR IR T, 51 AR Y 5 22 b Sy kDL
Y SROREAR, AT $7 A5 2 E A ARFRIEH 31 B ) IF 478 i
Tor A B2 BARTN 5, g H&l?ﬁ’]ﬁ%ﬁﬁﬁﬂ?ﬁi‘w IHE %E
SAE 2 [H] E’J)L%C‘tl: (IoU) T loU BB, ¥ loU #2ik
lﬂﬁuﬁwﬁkﬁm’ﬁﬂ: ToU 5 ptHBE SRR FIRE AL
Sy N S REA. X T ) PRFEAR, K ¥ o 2 B K.
A o B P R S () T B4 )
1, x<u—0.1
a:f(x):{ el u-0l<x<p (20)
e, x>u
FERARSEIL A, JRAME BT A 34 FHE ToU B 3{E
VERuFIBUE. AR oU 5 BRME LI R, FIFAFE
A 2B pR $0t J5 BCEWithLogitsLoss 4 28 #EAT A AL
B, FEEAT A 4
Lsiige = @+ LBCEWL (21)
R 7 R RATE =0.5, 7] LLK LI B35 2k 7
0.5 PfTIr AA = BE K. 6 T AAREAR, ToU /N T — 0.1 16
IIARBEAT IR, ToU T [ — 0.1, ] F 5 RE A AT B¢ v 1R AL
H, BWEREE SN W T IR, BEE IoU
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i H AR SN A

S R D B8 o — K, VR A A T 5 P
MTIARA AL BT A /)N

— — Slide loss
e ---p—0.1
Positive samples N u

1.50 | """ Negative samples
1.25+
@
& 100}
B8 075}
“0.50 |
025+

0 0.2 0.4 0.6 0.8 1.0
x

7 Slide loss 5% B UK AL E

3 Seee 50T

9T YA AS SC T VEAE S 7 A DA 55 R A A

e, B SGTRATHEAT O e 56 A
R YOLOVSn {925, FIGIEREL PP RO, B, 7622
JFECHR S RDD 2022 i 4 AR 4 14T T X0 LS,
SIE Y4550 R i T R M R T
3.1 HiRE

AT P BA A 2 P et o S 7 3057 B T
I 94187 B, BL4 Bl 2 MR T O B AR . A
%, PP 8 TR AR A S bR B S A T
Bsk, BEATGE. F0. PURZLSE. BB RMABC. %
RIEH . BORIE 25 1 BRI R, £ B MR
B4 1 FTR. A ORI SR B e, B 82101 F L
IR 5L BoAIE AR .

R 1 AE i EIE RN T L

WEAN NFEHE BEENE WRERE BdERaH

NE TS 24169 3071 3790 31030
T r) 488 14579 1921 2104 18604
FRBA 79791 10192 9817 99800
EIN 9300 . 11M ° 1271 11748
|
R 1367 * 191 162 1720
HuoRzdss 1137 134 163 1434
g 1729 218 261 2208

ERE BT S0 2 S B AT M (R I R o, ot A
VE AR AE B ) 52 R A0 B B K AR R O e R B R RR
i 7 e SRR 2z 2T B R, e AR B R BN S O
. BT 2T B R AR RRTE, {8 /M R
(75 3B ARRETS B I M S AR RORARI I 35, (H2
MESRHRRF LA B, £ HSCE B 5 R 2 ME LT,
w o MBS RO, e E L A IE T, TE

K I Y 2 T A B R
ARG 1, AR B R 28 A BRA TSR T
V22 30 2 245 0 LSBT [ 9 BB . L Ab, T
Sk 28 1 1 340 0 4 % 6 B e T 4 4 M X
Sr BN S RTAUE A ORI . B95% 5 ta S HUR 2444
(Y3 ) e T BRIV R 500 25 A B A4 [ AT
FRIEAT Wi SR 5 . v 45 SR 40 2 IE WA I AT 4R
T, AT A % M2 A OB, WA AR R g 2 )
P, BB 55 TE -5 S0 T SRR . 7 11 B
SERRVE IR R, BATTA T I s bR S % 4 25
HEAT NG, RSEE SRR 2D 14 T37K IR xR i
17 TV 25 7T LA B SEAR 7T £ 10 45 8, B 5 TR T i
B BR Y S5 B 5 TS S, R R AR O
FREERIEUR, A B AT VR, KRN T AREE S T

[F I, 76 AN ) A BE 1 A FF 00 4 1 04T 7 52
5. RDD 2022 f&—A~% E R SR, T A3
SRR, phy E R EL T2 B L AR AT I R G R
EHMANE. ZEIREA T RE 6 MEXKT 47420 5K
HER TG, FRTE T R 55000 ANIE BTS2, H
B 10— B, o3 7 JUA 14 884 3K M5 T 1] SR 42
(IR A o S0 MR, MR B B 8:1:1 AT RN U145
. BRUEAEAIIRAAE. B T DL B R B 4,
fTETE T ANURE R EHE 4 UAV-PDD LT 7 5IIE.
ORI S 2440 T =i PG M IE 1, FINE A
T ARSI, (E R TE RS 1 h R T R4
BRHIE . R BRI T 6 Fh I N B EUR,
SRR B BGE, m RsE . RIBGE. IEHMRI
o
32 LR & ERIENET

SEI6 AR 55 #4448 ] Ubuntu 20.04.6 LTS 245, Yl A
FH & 14 80 GB ) NVIDIA A100 &, CPU Ky
Intel(R) Xeon(R) Gold 6342 CPU@?2.80 GHz, 1T
A7 512 GB. AR EET Python 3.9, PyTorch 2.6.0
TRIE2E SIMERR AT ISR B0IIE, FCE CUDA 12.4 A,
batch_size ¥ B N 64, epoch fix K4 ¥ B N 200, 42
IR 0.01, PRAb 2840 SGD. #5BF 4 s 1024%1024
i 5 A7 298 26 GB. BERIEIZRES A T mosaic.
BB . A&k, 3B EHISE YOLO Bk
UG R B 7EHEFRI, A SORIRY AT LAE 3K GeForce
RTX 2080 _b5¢ Al

9 T I R SR AR U3 B (3T
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rigts: ARIZE (R). #EFHZE (P). F1 75258 (F1). 7
IE#IR (mAP@O.5). H i, HHIF (R) $8A0 2 & 52
TR A S AR Y LA, AR Y A A R
7. WERZE (P) &AW 5 5205 5 450 5 e U 3] 4350 H A
ez, BRI HER M. F1 350 (F1) 230
ZRFTHERA 2 R AP35 8, 25 G T 2R P4l P33 IE
% (mAP@0.5) 78 H AR M Z5EAE 45 h, DL ToU BIME
0.5 i, VAR AL Xt A [7] 248 319 T A A v i 12 17
PME, VA AR Y R A e

PRI 258 R R AR B 5 TR A — AN B R
DRI 2%, 78 A SC A faf AR A 2 1) T R B0 (FPS) Sk i
R )RR KM T SRR S R N R bRk
i, TR RO TR T R R R S, DAVE S

BLYCEL FLOPs Sk 1154, 452 GFLOPs (10° FLOPs)

RE7R. SN RBRTH 28NS 2, m L
(M) 3. Y '
3.3 JHRtsEIE o 0

o T A AR B (R R S BR. ON T BRAIE A R A Ak
PEFGT AR A BE A 520, FRATTHE RDD 2022 #di4k b
HATIH BRSLEE, SR8 45 Rk 2 Fior. F1 Al mAP@O0.5
WA oty B (1) S 58 F #, baseline #4454 YOLO-
v8n, NI S P T iz, R
YOLOv8n Xf B Fr 4 Jay (i FH AR [F] (2K 2, 3k DASHE e =
B 8.5 TR AR AZ BT IR N FEConv AR [1) 7 4
F1 Al mAP@0.5 (485 ESZHL T 3.6% 1 1.4% (132
Fh. X1 5 T A0 1 3 8 A R B 4 b g AN [ 7D S
HORRAE 2 A R R B 2R 76 SE 2R LAY R N ESHead

R EI T L A, SRR AR F1R T2 80.9%, iE !

W T 5 2 TR 5905 2 2K 591 1) P E 6 2R R i g o
R 568 1. %N T Slide loss J&, B 7E F1 I
mAP@O.5 HIHE R 365 T10.9% F1 0.6% Hk2s, k%
B S84 3R A X 2 BE A 28 TR A Y

K2 AAEHAT RIS 7 Rl 5

o NPREAE B AT MR AR (1) 23 AT, R 3 B, 3R
AITRE AR A 5 R 4 B, [R) B X6 A58 78 SRy AN [ A1 28 358 iy 43
i OB I IE AT T Geit. 45 R, B & Eii
T AT A e A A S A . X AT RE R R TR
P95 T P R A, AR R R A ) T v A oy B 4 R AR R
Ip3 5B, B AR AR K Al 2 X B, 10X — 3 7R B
o AR TR

%3 AEFERE TR ES

AR, [0,1/16]  (1/16,1/8] (1/8, /4] (1/4,1/2]
FHIRE 1.0 0.72 1 041 0.28

bk 1 4B VR AR Ty i AT AR A oy 2 5h,
AI38 A5 FH P 35930 7 (Y9 X A A S AT Kl 5. B3R 4
P ans T LU B3 )\ BRI 2 710 F1 A8 bR
PRI TT % 6.6%. KR M\ BRI FRALT A
ML R QAR Rl 7 7 3 QA 3 T 2 2 50 A0k,
R4 AFEIER AR 7 TR RE LEER (%)

BB AR 53 7 R P F1 mAP@0.5
SEy 4 71.9 82.9 77.0 75.3
INEB 77.2 91.2 83.6 79.1

o S0 BB LI Z A B AM . o T RS i
5 o R G S o % U 6 1 £ S, AT AR R A
M 25 DA K 5 (07 ST T SR . 9e 0
SER N S B, T DA B 106 R IK 2 7 A
T 1B 5 W 2 ) 7 VA T R L RIR.

%5 IFMK HERE PL (%)

Wik LR wt P Fl mAP@0.5
. 752 80.9 77.9 73.1
¥ 77.1 86.6 81.6 77.2
Y4 71.2 83.9 77.0 69.2
ADR (ours) 772 91.2 83.6 79.1

mAP@0.5 AmAP@0.5

baseline FECony ESHead ' F1 (%) AF1 (%)

loss (%) (%)
N — —  — 771 40 73.5 +0
N \ — — 807 +36 74.9 +1.4
N — N — 809 438 74.3 +0.8
N \ N — 813 +42 76.9 +3.4
N — — v 780 +0.9 74.1 +0.6
N RN — v 817 +46 77.6 +4.1
N — N v 819 +4.38 78.3 +4.8
N R N v 836 +65 79.1 +5.6

< XN BIRZAGE 2Hr. F T B e SR
1%, 3 I B BEARSIES 7 A s B o B EE B, W DLA
R AR A RO 98, B SRR R P E. O TR
PR — B RCR, FRATTx AR R AL B B sl R AT T
THRLSEE. 3R 6 Fros, MBCT [ E P E I R & 5 5,
i A 3R] DAL R AR 2 AT N B B
MG B R L 51, MTTT BE Jig 3t 365 AN [ F) 37 55t

6 BHULA A LA P R LR (%)

Al 4y R 3 F1 mAP@0.5
0.5 74.6 83.1 78.6 74.9
1.0 753 89.7 81.9 77.8
2.0 72.9 90.5 80.8 76.7

H &R 71.2 91.2 83.6 79.1

72 Hife45ik Special Issue

© TEREBIK R

http:/fwww.c-s-a.org.cn


http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

20264F 55354 55 131

http://www.c-s-a.org.cn

i H AR SN A

34 KIGLERSM

N T U8 AIE AR ST VA T B G AR A A, R
AR A S A B BRAS I 7 V23 AT 1O B SR G. TOE,
1E F AR AR AT SRS, SEIR 4 RNk 7 Fos. it
S LLHL T FS-YOLO AR 28 5 5 Ath 28 SIS Y 7 95 S5 4G
5 T I RE. FS-YOLO 7E 85 Tilfa b 8BS 1 7
(I Si. Bk KA, FS-YOLO BRI F1 /3 ¥k ® T
73.8%, it Faster R-CNN. YOLOv8n 73 12.8%.
4.9%, IX R BHFRECT R B H bRkl B, S B
5 I e G O T 11 T B 3 T LA e G YRR A P

75 RIL MRS FE . M8 T RT-DETR J53%, ATAME
TERGJE BSCBL T B, 3R T AR SC Ok i 2, T
HET YOLO Wi/ i iiifE S 40E L RE RN
BEMRS. BAR YOLO /N ] b 1) i kb 2 2 33 n &
J A AL E], E R NMS 3R] 15 1) 5 b B AR AT
NLFHAMME. BeAh, 75 TR H 1, DETR R A1 AL 25
ISP ) K, JHL A 75 5 A 00 o B ) SR — AN b
% R I . BARSKRE, B (R) N 66.1%, Fiffi
#(P) N 83.6%, H E@%Eﬁ%&@éﬁjﬁﬁ JIETE AT
M TAE ) SE PR LR », .

-

5
R TN FIRRIAE RO G L RRE B

Model R(%)  P(%)  F1(%)  mAP@O0.5(%) = AmAP@O0:5(%)  Params (M) GFLOPs  FPS (fs)
YOLOV3 59.19 614 60.3 632 & o 61.9 19.0 83.0
YOLOv4 57.9 59.3 58.6 617" -15 61.3 16.5 67.0
YOLOVS 60.3 63.9 62.0 64.1 -0.9 2.5 7.2 78.7
YOLOv8n 63.7 71.3 (698 70.3 +7.1 3.0 8.2 84.8

Faster R-CNN 58.3 639 610 59.1 4.1 60.1 108.6 29.0
RT-DETR 671 ' 759 712 713 +8.1 42.0 136.0 108.0
FS-YOLO (ours) & 66.1 83.6 73.8 752 +12.0 37 8.6 83.3

TE: I R RoR U, T RIS LR

# 8 FE 8w, FATTELHFN %S 7 F 2905 FH K 1)
R W28 A A8 b DL B TR VB RE R, R AW S2 BB X T T
FEORTE IR LB 1 e 22 FETR B B, 3R
ATTAT DU 0L 5 31 25 5 3 S R vR IR0 5 2R, 4 i
BTN OISR SR AN POIRAE A 3 L IX 43, #24
B A I E SR R HE L .
8 FS-YOLO 7E [ & Hd £ 3 T F 258 IR (%)

Bl P R F1 mAP@0.5
bt 83.0 73.1 77.7 65.3
Z NN 93.8 96.4 95.1 96.4
EER N EZN 62.6 71.9 66.9 69.5
YoiRFess 78.5 54.7 64.5" 612
R 94.8 67.9 ©  79.1 80.4
M 4% 803 & 724 76.1 722
B 76.0 76.6 76.3 75.7

¥ YOLOv8n 543 FS-YOLO A5 Y iy 46 1 44
AT ATRRAL, 25 R 9 B, HE 9(d). (e) FTLLE
F, FS-YOLO ] LATE i Hh iR A 4 451X 2545 B, X H 1)
T3 TR 3 e A AR R B G A A T v AT

TER.

T i E FS-YOLO A %k, oA 1K FS-
YOLO 5 HoAth #5784 76 38 1 16 #0445 RDD 2022 K G
AMLEIESE UAV-PDD Fif4T T — . £ 9 &

7~ FS-YOLO fEHi 5 3845 S KA 4 45 RDD 2022
PR RE, T AL TR RIS T AR N 2. FRATTRE X
VA F FEConv I H & N ¥ i, 3% 75455 7Y W X6) AN ]
Yyt UG AR v LR I 78 7 B4 1. 3R 10 JBOR T
WU 4 #5150 4 UAV-PDD 4 H§Z58. FS-YOLO £
F1 fitha b i i SR 1. 2% mAP@0.5 | & i3
LA 0.9% &5 SRR, B AT kAT LA iz M
SR B T 55 1

ottt [l
piet
SR

B INEZINS
Pz
HuoRzdsg

@ I 4%
e ENMEE 18
i kit
fagl

SR e

RN by

it Ttk

EIN=N
H AL

0.4

0.2

o |

FAT B

SAREER |
pe i

PRz |

=

HelRieth |
= gz b

=
=
oF
S

He L
=5

NGEE
KI5
LR

(SRR et

R BT

it LHE -

I

8 MEAAE AR b IR A AR
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YOLOv8n

FS-YOLO
(ours)

YOLOv8n

FS-YOLO
(ours)

B ' (d) (e)

9 YOLOv8n 5 FS-YOLO 7£ H # ##4E iRl 4 |
%o RFEE RDD 2022 -G (%) )T L, S0 T B TR AR A 5
Model R P FI mMAP@0.5 S 45 TN TR AR B T eSOk A Y AR 8 TR B0 4 S sk
YOLOW LS 04 7es 720 B2 5 o 0 R e, RO 5 [0 3 6
YOLOvV7 66.6 76.4 71.2 69.5 - o
YOLOvSn 734 811 711 735 AR T H R I TR AE SR N ) e R
PSYOLO(ury 772 912 836 7o L. B, B HeH S A Ak B T,
R I P BAUAEL PRIE A n AL F 2 T S A il — 5 AR RO T AR B A
i —5 R -”\/\‘ﬁ S ¥iE&
410 RFBUIZE UAV-PDD L HEREEERE (%) - /%%m‘fk R R BTN,
Model R P A mapeos AN, BRI SR ST A AR I R AZ
YOLOvS 85.1 83.9 845 917 oy fLRE D, NI BR IR BB GE N TS . E AL
YOLOVS8n 89.1 88.9 89.0 930 n
FS-YOLO (ours) 91.3 89.1 . 90.2 +93.9 ARSCH.
L1k S Ty 4 G| » "
WO, ¥° SEH
. . ‘ ' 1 Zhou Y, Guo XM, Hou FJ, et al. Review of intelligent road
4 é':‘ e 5%5 defects detection technology. Sustainability, 2022, 14(10):
AR ST R TE B 0 A A A AE I R ST 2R 6306. [doi: 10.3390/su14106306]
PR 5 A B 22 T DL SHE 5 3 o A AN 35 5 ) 2 WIS, Db, SEIREA. e AR RGN 1 R R
5 T — P 35 T A 2 B RN 2K B B B A B FS- KA LR, BARASIE 51 &R 2023, 3(1): 9-20.
YOLO. i i Bl N\ K T 472 e o 5 AR e, 51290 7 3 Cao WM, Liu QF, He ZQ. Review of pavement defect

detection methods. IEEE Access, 2020, 8: 14531-14544.
[doi: 10.1109/ACCESS.2020.2966881]
4 Varghese R, M S. YOLOvVS: A novel object detection

IR Z I 5 R BT A, AR e 5 B A A B A
() ROST (99 555 i B = 4 2 sC W R ) sh A A6l =k, 7873

RAF 19 5 5 2 RO L A LE SR B, & T A algorithm with enhanced performance and robustness.
AR5 SR Slide loss $ 2K bR EUNAG 0 o 1 Proceedings of the 2024 International Conference on
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