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Small Target Detection for Aerial Image Combining Reparameterization and Multi-level
Feature Fusion
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Abstract: To address the problems of small target size, dense distribution, and occlusion caused false detection and
missed detection in unmanned aerial yehicle (UAV) aerial images, this study proposes a small target detection algorithm
for aerial images which combines feparameterization and multi-level feature fusion. Firstly, the reparameterized
convolution modulel(RCM) is designed by using the idea of reparameterization, and the C2f-RCM module is designed by
combining the RCM with the C2f module, which can effectively draw contextual information by enlarging the sensory
field and better extract the subtle features in the images. Secondly, to solve the problem of information loss caused by the
neck network in the feature fusion part, this study proposes a multi-level feature fusion module (MFFM), which utilizes
cross-level information fusion to effectively reduce the missed detection phenomenon in the case of occlusion, so that the
network is able to detect large, medium, and small targets with a significant improved accuracy. Finally, an Inner-Shape

IoU bounding box regression loss function is proposed to enhance the convergence speed of the model by constructing
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auxiliary borders and focusing on the shape of the bounding box. Compared with the baseline model, the proposed
method improves mAP@0.5, Precision, and Recall by 5.7%, 5.7%, and 2.4% in VisDrone2019 and 3.7%, 3.9%, and 5.3%

in AI-TOD, respectively, which verifies that the proposed method is effective in detecting small targets in aerial images.

Key words: small target detection; reparameterization; feature fusion; loss function
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GeForce RTX3090 GPU #EAT Il 4k, S5 #1434 58 2
Python 3.10.12. Torch 1.12.1. CUDA 10.1 £, 4 s
56 ¥ 1E AH [) S50 A 855 AUER 2500 T 58 ). I SRFe Hok
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#4200 epoch, %= > 2N 0.01, P77 KON BE LA
JE R %32 (SGD).
3.3 SKERIFANERR

AR T B ARSI I S FhiEAL FE AR HE
W% (Precision)~ A% (Recall). ~V- ¥R FE ¥{H
(mAP) V% IS IE (GFLOPs) FIEERE ] (FPS) K
PEAN A SC S0k BE A R R RN HEBA TR bR
FR AR S

(1) K5

R Hff B2 2 i e A B TR TR0 P IEFE AR BB S P
TR A IEFE AR PR AR R 2 . A =k (19):

TP
TP+FP (19)

o, TP 3R A A IE B T DA 1 20 ()RR B,
FP BRI EER TR A 1E 2K 5 AR K& 48 H An ks
iWR%%E%%%ﬁﬂE%%%E#ﬁNﬁ%@%
EIEE R
4 1] 26 2 i Bl A TE 8 TR0 ) (E AR AR R S T
SERR IEAEAR SR 2 b TR A s (20):
TP
TP+FN

ey, FN 2R R R T O 97 38 0 AR A . A (B
ST TR SERR IR SRR AS 1 7 i A, B
RIRE S A AS I 22 /D 1RSI A,

(3) VRS LA

ST ARG B P S ELIE F T 2 2800 HARAS AT 55,
X I AT S e I 45 AT ER 5 VRO IR B, FEANIR]
) ARG I 5 2R L, ST~ 35K T B 45 7T LA S i B9 Y

Precision =

Recall = (20)

R PERE. TSP R 0 B A T R L R

OSSR 2, IO 2K B AR i T S 4.
AR 21): Y '

C
. 1
AP = — E AP; 21
m Cizl i (21

Horh, ¢ RRFKBMHE, APRAREFNHRANIAPA.
S 459K B PR s SR AE A S TR B AS T RCR
Uf, AR SR il P P AN E S I H R0 B T P AN T
SEBTIR ARG, DR b i 24 & T 08 S UCHCRT e B
A SRR AT 2 A VR

(4) I RIsH K

7 RBUZ 5 (GFLOPs) B R 7E I s 4
B AR AT 103 RO B K, B T R

224 A AR H 1 Software TechniquesAlgorithm

HEE P
(5) HEEER
HEBRIN 7] (FPS) 42 0 460 4 52 0 (DA
CR MR B AT, T VA 7
S5 5 o

4 UG EE R
4.1 C2f-RCM XU REV R M

HRNIR L C2£-RCM BLERAE BT 9 4 1O A ]
o B AKX K RS 1O W, AT T — R 715556, i
o5 B 45 AR C2F BB HE ey C2f-ROM Bk
S, % T CoRROM BT R P HHIEHL U T34,
ST TR AT 4% 1 B WG AT R e, I ikt
T 3 RARF T R SRR HE 1 LB 3
BBt C2f fH ) C2f-RCM BHR; 77 5 2: U B # 5 4
B BE C2f BBy C2f-RCM BB, 5% 3: B #esp 3. 4
BBt Cof £ C2f-RCM i, SLG 45 Nk 1 fiw,
I 4 7 22 T BE T LA, 76 3 Bl b, UK
4 B Befr) C2f A B B iy C2f-RCM #idl (7 & 2) I,
RO VT BE AR T oMt 7 R R B AR T, 3 T
3.3%. BLAh, R TT R 2 B, B S EE A B b,
X PN, AR 7 (R A R G v
FE PR S S T O . e S 4 R T
C2E-RCM 5 10 46 v (6 0 e ARG o 8, 7 )
G VR IZ W BOlLAT B 8, 7T LIERGR FHR IS 1, I HL
ELIPNE oL Tie ik

L £ RFGE C2EROM XN R

Params mAP@0.5 Precision Recall

WES ™ %) %) % GFLOPs FPS
HEL 137 41.4 53.0 39.7 30.5 115
HE2 107 422 553 40.7 282 1307
TE3 136 41.1 51.9 38.6 27.8 99.8

4.2 tEBIEFIERESCIE

N T Hi5E Inner-Shape IoU H ELGII AT ratio HI#x
FENUE, AT T ratio HRARSLES. fESLIR PR E | HMEE
TR S5 R AR, 2 ratio=1 K], Inner-Shape IoU i
% PR B SR B ZE[A] T Inner-ToU 45 2% BB 8. 45 591 & % T
MNEFRTT S, BT H RSN, X T8 loU KIFEAR,
FLRR B B BE T AR UK. T A B 3R 2 R SR
GESR AEARTNER, 2 ratio=0.7 I, SZE A5 REUT .
ratio VCE NBUINUEA B T IR BA & loU FEAR
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i H AR SN A

[ =3, AT 2 e e ek 2. SR, R AR A 1 L R
ratio HUE BT, BARI) S P HBUE 5 ZAR 4 B AR 1)
S B B AT .

R 2 ratio JHANSEL (%)

ratio mAP@0.5 Precision Recall
0.5 38.4 48.7 37.9
0.6 39.7 50.2 39.3
0.7 39.8 52.3 39.6
0.8 38.5 49.6 37.7
0.9 38.5 49.7 38.5
1.0 39.6 51.6 39.8
1.1 38.5 49.7 37.8
1.2 38.5 49.7 37.8
1.3 38.5 49.8 37.8
1.4 38.4 49.7 37.9
1.5 384 49.7 379

4.3 HPRSCIG

N T B8 IF AR STV I O R R G B T AN E AR
) VisDrone2019 iﬁz?&%&jﬂﬂlﬂﬁﬁ,ﬁ YOLOvSs &
TR 4 sh N C2E-RCM. 503 9 4 I A MFFM B
Heo B 45 2 BEOCN Inner-Shape ToU. 25645 3% 3
Fizs. 2 3 A 1 525009 YOLOvSs Ji #5215 56 &5
R, NERFENESH 5 2 IR AE C2f-RCM, R4 5K
WK T LA Y, C2f-RCM KB 7E /b 2 B At 5
= IER, B mAP@O0.5 Wfabr$e Tt T 3.3%, iEH 1%
BEH G 2. 56 3 4 S0 =X H N MCAFF it
R, R R SE 45 T LAE H, 55463 T PAN-FPN
SELAELI S0 10X 6 A L, S0 S ) S0 I 24 A Ak 4 T
P 2 IR A5 R R A (S B, 32T TR IIREFE. 26 4
EH S0 T S R K R B S0, KR G CloU 5 4

A Inner-Shape ToU. S256 45 5L LR, XM & #e i & 42 7E. |

TR IR, S0 1T 45 2K R B B AR AT 55
ottt 55 5-8 éﬂi%ﬂﬂ%ﬂ%fbﬁﬂﬁaﬁzi&éiﬁﬁéﬁ
Fr, DABSUIE A SCH M) O Ik 1) e 1 A 2. X e 2
L SR I 45 S — B W, 203 ok i SRR /D H ARG
W AR T B R ER T 45 b, AR SRR e
SEME AN % A %%, 10 HL 414 8 P B e A L1450, A
TMAE/IN B AR IAT 45 H S B 7 S8 RS e R 5 (0 P .
X S 45 I T 3 UE W TR S Ok SR IR A R A S
FHE.
4.4 VisDrone ¥ #EEXTEL LG

A AE VisDron2019 H#i4E B AT 1 X} b S2 5,
LA YOLOVSs 1B NFMERLAL, Jf 54k 1 — R 55t
JEIEAT T AT L. IX 6 75 5 35 Faster R-CNN.

RetinaNet. YOLOv5s. YOLOv7-tiny. YOLOvS8s.
YOLOvV10s. PrFu-YOLO. SOD-YOLO™. #k[25]
H R HY 7792 DA EA-YOLOP12%  H4E % 4 $df vT
F, TERBER M BE$8 A% mAP@O0.5+ Precision Recall
b, RCEIER T 44.6%. 56.3% 41.3%, KT
YOLOvSs #5011 5.7%- 6.3%. 2.4%; M T E 4%
BRI YOLOV7-tiny #2751 T 7.4%- 8.8%-. 1.5%; %%
T HBOB I AHLEB /N B AR A B8 PrFu-YOLO.
SOD-YOLOU". S#k[25]F1 EA-YOLOP* et 4 b
mAP@0.5 1 W] S (¥ 571 SR LA E 6P E ] T A
SCH R R A AR T T /) B RS R RS . Bk Ab,
iﬁ%ﬁﬁ@ﬁ%r}%%%ﬁﬂ@ W 245 1Y) SIZ B 1, AR SC RT3 BRI 1
2R 30.3, AT HE R BRI FTR T, A L2 2
FE K YOLOV7-tiny 3800 T 2.2 fi5. HEE & HAR T
Wbz, ST 2 T0 AN SE B 5628 I HE AR ZR, 25
b ARSCHR A B SR R R S v S DR 1 [ B, 5
it T S, A R IE A TG A B 3% 5 1R R
£ 3 JHESLE
Inner-Shape Params mAP@0.5

Y5 C2f-RCM MFFM GFLOPs
loU (M) (%)
1 — — — 11.1 38.9 28.8
2 \ — — 10.7 422 28.1
3 — N — 13.6 41.8 30.3
4 — — v 12 | 398 28.9
5 \ N - 13.1 43.6 29.7
6 v = LN “10.6 429 28.1
7 —n X N 136 427 29.9
Y .
8 v \ N 13.1 44.6 30.3

#F 4  VisDrone $ 8%} L 5206

pom Params mAP@ Precision Recall GFLOPs FPS
M 050 (W) (%)

Faster R-CNN' 43 292 405 28.8  207.1 152
RetinaNet!” 153 287 395 27.6 266 40
YOLOV5s 7.2 382 504 373 168 115
YOLOV7-tiny”” 6.3 372 475 39.8 134 102
YOLOv8s 1.1 389 506 389 286 130

YOLOv10s™ 8.1 39.1 49.8 379 248 1224

PrFu-YOLO!" 103 437 — — — 6713
SOD-YOLO™ 6.9 39.2 — — 129 —
SCHR[25] — 382 665 59.1 — 23
EA-YOLO™! — 39.9 509 387 209 —
Ky 131 446 563 413 303 86

4.5 AI-TOD #IB&ESLILER
P AI-TOD il S8t — P 3 IE A S ik /NE
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Pk AT 55 o B0 0. I BRSO B R B KN G
— ¥ E N 800x800 14 %. LM | YOLOvV8s. SS-YOLO
FISCHR[2913X 3 AMERYFEAT X bL, AR R 5 SRa 46 FnT
DL th, &t 5/ RST I B AR, R SCO7VEE mAP@0.5
X —REE R bR B SRETE, UF B T A SCEELE /DN B AR
D77 THD PR A8 FAARSR U, ARG FE PR S T R B A
AR /)N B ARET, AR SCT7 92 B 05 1 A R 0 A E 47 B AR, Ik
AR RS 17

#* 5 AI-TOD HEAEXT L SEie
FEA Params (M) Precision (%) Recall (%) mAP@0.5 (%)

YOLOv8s 11.1 50.3 40.6 40.2
SS-YOLO™" — — — 4.6
HR[29] — — — 36.8
AT 13.1 54.5 442 439

B

4.6 TR

7. 1 8 7R THEMI H;&iﬁ%#%ﬂ’%ﬁ&
#F, YOLOvSs Ji ﬁ“*%i‘%ﬂizﬁ%f%}\m@@ H
KRR AT 55+ 0 2B EL i i, 11 7 X H T AR
1E H b Hii /luiZJE'\—FE’J*AU”J)&% Ml 5 H bR £ H
Pl 4R FEE 7 o, 722 YOLOvSs #5248 sl
RO B, A ) g A S ¥k R ARG I 2 S P 3 e sk b T A
A, MBI, AR SCE B RRAC T e
FRET A A, o B L IR I e [FIRE L, 7E 5] 8
ot L, HFR BRI 5 T, A7V FIRE A R0k
AT IR IR X e S0 45— R B, AR ST/
H ARSI 7 TH B T R BT, A R i T AR D v A
R
5 45k . ~

AL YOLOVSs JyJEfti i/, 54 THlA H bx
#M%ﬁ¢aﬁ#mru«m%ﬁw%mw1ﬁm#
HESHIE %%E{k%ﬁﬁ%’]ﬂﬂﬁ SE UNER 7Y el
Bk, e, W TC2ERCM A, B K2 T 3K
BCE M B FUE R, R G, TEIR NS h it T2 2
UCRFAE A B, A O B & 7 45 (17 2
FRJZHFAE, HG58 T FRAE M FRILRE T, B BT B dErfi i
ENL/NEBR. B a, 1 H T Inner-Shape IoU 37 2% B8 £,
DA SR AR AR ) W SGE . 7E VisDrone2019 ¥E 48 st
177 VER M SR I0E, 45 F 3R 0, AH LT 32 AR I 2%,
AR TT1AE VisDrone2019 s 5 MRS ik 3| T
44.6%, PRUESER IS BT, fE05 R 0] RE 2400 2 /)
Hbw, B> 7 RIS (15 10

226 B AFHiARF% Software TechniquesAlgorithm

S Ty Aok
7 ﬁ%ﬁﬁﬁ#/ﬂﬂxﬂz%ﬁ o

(a) YOLOVS8s 8

(b) AT
K8 ZEEE HbRA ISR T L

(a) YOLOvV8s

sz |\

1A I, 2% G5 HETF RIS 5] 19T KL
AR F iR, MR, 2021, 42(4): 524519,

2 Chen CY\ ‘Liu MY, Tuzel O, et al. R-CNN for small object
detection. Proceedings of the 13th Asian Conference on
Computer Vision. Taipei: Springer, 2016. 214-230.

3 He KM, Gkioxari G, Dollar P, et al. Mask R-CNN.
Proceedings of the 2017 IEEE International Conference on
Computer Vision. Venice: IEEE, 2017. 2980-2988.

4 Cai ZW, Vasconcelos N. Cascade R-CNN: High quality
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5 Ren S, He K, Girshick R, et al. Faster R-CNN: Towards real-

time object detection with region proposal networks. IEEE

object detection and instance segmentation.
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2016, 39(6): 1137-1149.

6 Duan KW, Bai S, Xie LX, ef al. CenterNet: Keypoint triplets
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