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Abstract: To address the inefficiencies, high costs, and safety risks inherent in traditional road and bridge inspection
techniques, as well as the challenges posed by the large parameter volumes of current multimodal detection models and
the difficulty in achieving real-time deployment on unmanned aerial vehicle (UAV) platforms, this study proposes a
multimodal feature fusion road and bridge detection model based on cross distillation. The model employs a dual-branch
teacher network and a single-branch student network architecture. Efficient knowledge transfer of modality-specific
features is achieved through feature interaction and collaborative distillation mechanisms between the teacher networks.
Concurrently, a dynamic feature fusion module, utilizing attention mechanisms, is introduced to enhance the perception of
critical features associated with road and bridge defects. Experimental results demonstrate that, while maintaining a
detection precision of 89.6% mAP@0.5, the proposed model reduces its parameter size to 8.2M and achieves an inference
speed of 32.6 f/s. These results significantly outperform traditional multimodal fusion and lightweight methods.
Compared to strategies utilizing feature concatenation or post-distillation unimodal fusion, the proposed model shows

clear advantages in both detection accuracy and computational efficiency. Ablation studies confirm the effectiveness of
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the cross-distillation mechanism and the attention-based fusion module. The model successfully enables high-precision,

lightweight detection of road and bridge defects, thus providing a technical foundation for the engineering application of

UAV-based road and bridge inspection.

Key words: cross-distillation; multimodal feature fusion; dual-branch teacher network; attention mechanism
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mAP@0.5 FEHERTYiFE  Params FLOPs

S is
S %) @ M ©
SERBLR (BEHE) 89.6 0 8.2 15.3
FRR 2 X AL 83.2 —-6.4 11.5 23.7
BERER AR 858 -3.8 8.9 17.6
I o 2 ok 7 A B 78.5 -11.1 12.3 26.5

mAP@0.5 ZH &  FLOPs HERHME

Eih A
i W M@ (@)
REAEDF B S 82.3 125 28.7 24.1
RIS ZE TR SR 85.1 10.8 22.5 27.8
X BRI GHRIE (A0) 89.6 8.2 15.3 32.6

H# 2 Seae gt R 5 L 4518,

(1) AWK BE - 22 AR M Bl & SR IS 1) mAP@0.5 1k
89.6%, 7 ARt 82.3% HIRFIEDHE HEIE FI 85.1% FJ 5
B R A SR 7.3 AN 20 iR 4.5 AN 43 AL

(2) BB A8 AR B A SRS B S 4 &Ry
8.2M. FLOPs A 15.3G, Bl A THRHEPHEE RIS (12.5M,

5 UE AR AL A8 AL 5 ) Bl A R
HRNEREAT T OBEPOE RS K 4 Bios, B8
3 FPSEIGICE: e AR (FRUE) . (RS IR AE AR TR
fil B AR I T M 4 (FH ResNet50 B1%). #kk
TRAHRH R KLD #12k. SEIR 45 REIR, B R4
BT MG, B mAP@0.5 T 3.3 MED M, &
86.3%, Z¥( &5 FLOPs 7 53 & 9.8M. 19.2G; k¢
KLD #ik 5, mAP@0.5 T F% 2.5 NH 5 s, 2 87.1%.
HOARAE 52 7 28 X AR 0 A5 4 B Ak, 5005 B (1 O
SCHEVE R, DA B0 Rl OGS 22 LA R AGE 4 1)
FIRIHR TR, H R IATAE B[R] 3 s B P R R R H.
3.6 FEIHRBEIMEEEXSEL

ARSCHE IR AR AR S 6 R A AR A (AT AL
FHRERB YOLO1In, ZEERHEPFHEART Faster
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R-CNN. TGAMZHEARMERA . EMF-YOLO. SCE-
YOLO. Z 2 Transformer #28Y) JEAT M GEXT LE, 45
Rz 5 frow, VPG TR bR S FE R IR BE (mAP@0.5).
B SRR (Params) S5HEFE M (FPS).

T4 OB RS 45 R
mAP@0.5 F=MERR AW Params  FLOPs

SRIRCH %) BETE M) ©)
SEAERR (BEE) 89.6 0 8.2 15.3

B e T M 4%
(FResNet50 % X IR 444)) 863 -3 o8 192
BRI IR 87.1 -2.5 8.2 153
KLD#i% ’ ’ ’ ’

RS GRS F R PR REXS

et mAP@0.5 (%) Params (M) HEFHE FE(/s)
YOLO1In 76.3 7.8 352
Faster R-CNN 82.5 4238 153
TR Z SR AT 90.2 18.6 21.4
EMF-YOLO"" 84.2 9.5 29.8
SCE-YOLO™ 85.7 10.2 27.5
% 145 Transformerfi 741> 88.9 15.7 183
X FENERERY (A3) 89.6 8.2 326

5 GER IR, A mAP@0.5 1% 89.6%, 1Y
EL 7818 2 SRR 0.6 S 4 &1, #1% YOLO11n
(76.3%). Faster R-CNN (82.5%). EMF-YOLO
(84.2%)+ SCE-YOLO (85.7%) %2 Transformer %
7 (88.9%) 0 AIFRTF 13.30 7.1, 5.4, 3.9. 0.7 NEY
M ZHE (8.2M) 5 YOLO11n (7.8M) HHilL, 1H & 1K
F EMF-YOLO (9.5M). SCE-YOLO (10.2M). Z &
Transformer A% (15.7M). T 2818 22 B2 i & A 7Y
(18.6M) J Faster R-CNN (42.8M); #EH# FF (32.6
f/s) #:L YOLO11n (35.2 f/s) H &+ EMF-YOLO
(29.8 f/s). SCE-YOLO (27.5 f/s). T&IEL MRS
PR (21.4 f/s). 2482 Transformer 78 (18.3 f/s) 5
Faster R-CNN (15.3 f/s), SZi P AE 518 7640 10F B L7
FEIE . st ST P ) S I T BRSP4

Nk 6 Fion, ¥ 28 AR 5 = S B2 347 %
bb: A48 AT WL e N SRS YOLO1 In, 215 HE
TEPHEEAR A Faster R-CNN MK G781 2 B Rl & AL

K6 AFARRPEREXS L

R mAP@0.5 (%) SHE M) HEHELE (Ts)
YOLOI11n 76.3 7.8 352
Faster R-CNN 82.5 42.8 153
TE M BAR A B 90.2 18.6 21.4
XA (AR 3L) 89.6 8.2 32.6

9 Fingt FARH, & XA mAP@O.5 ik
5] 89.6%, #¢ 76.3% ) YOLOLIn $27F 1 133 NE 55, B
82.5% I Faster R-CNN #&F+ | 7.1 AN F 43 55, EBSAK
T 90.2% HITCZAMMZ BIASHAL, HZEIEACH 0.6 N E4F
s AER YRR T T, A8 X AR (M S 40N 8.2M,
BFKT 42.8M [ Faster R-CNN £ 18.6M [T 2 18%
ZIEASBRL; TEHEPIH B 7 T, A8 XA 32.6 17,
F Faster R-CNN (1] 15.3 /s FITC7& 18 2 A6 A6 L 1)
21.4 f/s, JF8E YOLO11n [ 35.2 f/s. 2f b, 38 X708
BEANLERE P ARSI A 0 2 ) S T SEAR 11
ST

g

%)

-9

|59

@ YOLOl1n
80 90 100 ®m Faster R-CNN
0 S Rl AR R
mAP@0.5 (%) = A Y SR

K9 AFRMER mAP@0.5 %ftt

3.7 BRHVERBEAS I ATARAL B 3 A
MR B AT RRAG S L2 SRR LA 10.

(a) Faster R-CNN

(b) YOLO!1n

(o) AL B R A B

(d) 22 X I
BT 10 ARk iE AT AL AL LE
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Xof R Gk B G A9 AT T ALK 23 A R B LR R RE I
T 2 mm FIATER AR R I b, 58 R TR RE RS HE E AL
4%y 14, T YOLO! In fFEIRRI IR, Faster R-CNN
D) HH L7 A AR RS . T O T AR ) 9 X 3k, A8 X ZE TR Y
N} 300 B B AR S e ik R R T, AR B IR T
T ISR FERHE I RA HLE]. TER &350 T, 28 7R
R FR AL R i M M T R R I e 4 A B
BT Ke ZE A HH R YR FFTE 85%, A2 N B A A
B 22 62%; A8 14 X a3 3 v = 0 ML 1) Ry
1, HLAR A8 2 4¢ Faster R-CNN [#1IC 18 AN 70 A ke
R F AT 5N 0.5 mm AR SN2 4% K o
W P TR IX I, DA 2 Hh [ 55 RS I SO AR UM S 8L
3.8 HAETFRLI

i Id Grad-CAM BEAE s & 3 #0 EI 45 R n
11 Bz, S HT B 11 AT, 5o R B0 A B i 2= 0 #
JTEITEZRGE . BT S SR X I 2 30 232 (R S i 1,
HL B8 78 B PR R I 1 S KT 38 SRR B B A AR
MU IS, #4077 BIXE 2 B RRAE IR B 0 2 A B0 HR
A, TR DX At B SR R TR R 2 A I 5 B0 R
250 B ) S5 R AR $8 £ (SSIM) TA 2] 89%, 1IF 5L AL
N ZEVBHLH G B I8 T R AR . 7 RS AT
Zrp, BB BRI 2 EUREE TR WO ORI S
WO TA TR B SRR XA 1 B el )82, A R IE T 2 A
A RN R RA L, AT 5 7 AR A e SRR 1Y
AR

4 w5 REY
4.1 R

Bt stk e AT M A WA 55 RG JBE 5 26 L
2R, AHIEFUHRE I T AT AR 2 A R A A
AL BT PR AR BYAE T Ry ST W 2% K B Gy S
A= X 45 (1 SR R HE 2, 3 3t 00T 1) 8% (18] F) 4R E 22 L 5 1%
A ZRTBLE, I T 2SR R e
Gb, BINEE TR L S AR Rl & LR, 5 20
5T AR ST I M R B DG BRI I HE AR ). SEIR A R
FW, A RLLEAR R 89.6% mAP@O.5 A5 Ik FE () Rl $2
T, BSHERSE 8.2M, #HEFLH T E 32.6 f/s,
HrEae R ER TR 2 EAE KRR B 7,
FSCTI S BT M SR B 1) A R A AL U, 38 E T B
PEAT X FENR RS 5 Al A L (G R S P .
42 MRRE

AW FAFAE T SR BRI w5, Bl 4 5t e

B A PR, 2 A v T e KA e DX LB R AR, ke
JRL TS SRR IR IR B I B M B SR AN AR 5 IR, W
R, MBERN . IREEFRA T BRI & kA Rtk —
R, S B AR % 25 P B P R AR b 1) R
RIEEMER; B Ja , B0 R B SR e e R 475 F
$ETHA .

(e) 28 LA (A 3L)
11 ARSI E LR
RRHAEFATINELS 4 ANT7 et H—, ¥ s
R 1) I S e YO T, A R AR IR IR 5 R KT
R B A, DASE SR A A Re 7, H =, AR SE Sk
TR, I 51 NS A IR LR B RS B & AL
HON, RABBESMINTRAR, L=, FEZHEE
BHmRA, G NI BEEYEE S, RARAZS
VEEHE 5 S5 M TR B G RMLR; DY, Ay e
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