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RESEARCH ON DEEP LEARNING-BASED PEDESTRIAN

DETECTION ALGORITHMS IN RAINY ENVIRONMENTS

ABSTRACT

In recent years, with the accelerated urbanization process, demands for object
detection in smart transportation, autonomous driving, and other scenarios have
grown exponentially. Deep learning-based object detection technology has emerged as
a pivotal component in societal intelligent development, leveraging convolutional
neural networks (CNNs) to learn hierarchical image features and combining anchor
box mechanisms with regression algorithms for accurate object localization and
classification. As a critical subfield of object detection, pedestrian detection extracts
feature information from diverse sensors and utilizes this data to determine spatial
positions and predict future trajectories of pedestrians, thereby ensuring their safety.
However, existing pedestrian detection algorithms still fall short in meeting accuracy
requirements under complex weather conditions and in densely occluded scenarios.
To address these limitations, this paper employs an end-to-end object detector as the
foundational approach and proposes a specialized network architecture for pedestrian
detection in "rainy weather + crowdhuman" scenarios, with its effectiveness and
feasibility validated through extensive experiments. The main contributions of this
work include:

(1) To address the challenge of degraded pedestrian feature extraction in rainy
conditions leading to reduced detection accuracy, this paper proposes a novel rain
removal algorithm that integrates dynamic histogram attention mechanisms with
multi-feature aggregation. The algorithm significantly enhances deraining

performance through three key components: the Multi-Scale Feature Aggregation
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module, Global Spatial Perception module, and Dynamic Histogram Attention module.
Specifically, the MSFA module employs multi-scale convolution techniques to
precisely extract fine rain streak structures and complex background information. The
GSP module combines depthwise separable convolution with spatial attention
mechanisms to strengthen spatial relationship awareness among features. The DHAT
module utilizes dynamic histogram attention to effectively eliminate rain noise while
restoring image details. Experimental results demonstrate that our algorithm achieves
superior rain streak removal while remarkably preserving image details and
improving overall image quality. When integrated with object detection models, the
proposed solution shows particular effectiveness in adverse weather conditions, with
significant accuracy improvements observed in scenarios involving rain occlusion and
low visibility. These findings thoroughly validate the algorithm's practical utility and
reliability in rainy environments.

(2) To address the low detection accuracy in dense pedestrian scenarios, this
paper proposes improves the deep learning-based pedestrian detection algorithm.
Firstly, to address the issues of numerous small targets and low pixel resolution
commonly found in crowded pedestrian scenarios, this paper proposes adding a
higher-resolution feature scale layer to the backbone network. This modification
enhances the model's sensitivity to small local features, thereby improving the
network's perception of small-scale pedestrian targets and boosting the accuracy of
pedestrian detection. Secondly, to overcome the degraded feature extraction
performance caused by occlusions that lead to irregular pedestrian shapes, we
introduce the Diverse Branch Block (DBB) module to strengthen the network's
multi-scale feature extraction capacity for occluded pedestrians. Thirdly, to mitigate
interference from complex background noise, we incorporate the Efficient Channel
Attention (ECA) mechanism that dynamically adjusts feature map weight distribution,
enabling the network to better focus on regions of interest while reducing background

noise impact. Finally, we implement a scale-insensitive Normalized Wasserstein
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Distance (NWD) loss function that provides more accurate similarity measurement for
small targets, effectively addressing both missed detections and false alarms caused
by scale variations in small-target pedestrian detection.

(3) The optimized image deraining algorithm was combined with the optimized
pedestrian detection model, and comparative experiments were conducted to verify its
effectiveness. The improved model was tested on the public dataset CrowdHuman and

the self-built dataset Rain-CrowdHuman, validating its effectiveness and feasibility.

KEY WORDS: YOLOvIO0, pedestrian detection, adverse weather, crowded

pedestrians, Transformer
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S DL AR A X 2 AR TR L 2 ST 5oR S AE H AR I AU AT T 2R
BERE R, AEAT NASIUAE I 55 55 B3R 5E N MU PEREVSIRAFAE i A AL o IX R AT %
PRB R A Bk bk 32 EARBUAE HARRFAEAOR L 79 5 TP o LUROEIR SR A 2 2507
7, FEEARI T IR EREEE IR TR XX R, AR RSty
BT P T AT NG I T W P9 3 BEBARME 5, IF IR A S [ i i S i

B R A BB R BRI ) 1 AT NS PR RE, T2 EARBLAE A5 T«
Ho—, MIMAE UG B 5 N BRSO IR ER &5 0, L=, PEFRe L
JER SRR 1 T BN BT B2 (0% 2k 048 [n) R . 5 G b 7™ B 45 B4 2k
O, RIS e St e 00 5t vl DAYEE B BOUAT N R0 PR RS AL, AT 5 B30k
DAS LR 2 NI b, WRAT AREA MR SRIERE— DR 7 X —ghdl: =HarE
TIAT AR EAESE (4t CityPersons. CrowdHuman) FEAEIE R &, 1MH
S RAT AFEAS [ SRIBORIRRTE JA 15 65 5 305 750 S KB W R Bl e T i EDL 5
PRIl o XA K B2 = 3 SRR AE /D B R RS BN ZRIN 5 5 R AU, T B A
i R EE I R AR R R R 37 557 o SCAEAE S ) 20 A 22 5 Tl o DAL, G e 42 4
PEAT BRI ZEAT A RBOCIRN R T STHT A A BGE NE, 2ROy — ik
TP R SR BREB AR ME L

B BRAT NS T W (14 2 B AR i SR AR AR I A 1) 22 RUBEAR A LA e T
SRR ST I o AR DR b, AT N AR S rh i A7 A F8 00 B R e 4 B B B
R, IXAEAGAE Gk BAE (AT 7 R e DRI BE AL RS Ik, AT A 2B
I SCHEHE B4 SR {5 B ORAMEE A A X I R I SRR o AE 2 RUZ AT I, AT AAE
G PR EZE R B3, PECRFESR IR XE H A 5 s 5t A i, Mg
R BEAh, B S TP P R 7RG E, RIOVMT NS T
FROxH LU RE T By JL A5 DA, EEA S ARG . X BB [F) EESRAT A A
SRR ACEH AR R AR IE SR AE 77, IE 75 20 5T B, AN 2 s b
L R AR A2 A L SEINPEANT T PIERE A0 ™8 23K

e, SER RS TSGR AR R RN AT AR SE bRl B i B E N . fEH 25
B SIS N AT NI CES BRI, 34 753 A2 SEIN PR FR 8 2 2K
SR, W RAESRAT N KRN B (5 8 B, I/ B3 RIS R 58 A
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Rl A AEIXFPH SN, QO falAE AT PRAEAE B8 26 A SRR 5 -5 3 52 1) f
FEPHT, B OR R GE AR [R] I35 A2 S 1 BRI SIS PR XU 555K, RO 2 HTAT A K
DB R AR g LR AR A% L0 R R Z

ZREPTIA, MRIEL T AAT NS T e 1 22 AR A R (0 SR Ph . BAR T
F BB RAFAM B BRI ERAL  BRAT AN 5 b i H AR 5 RZAAL,
LIRSS 5 3 P8 Tl e i, #0 IAE A JT R e 1 7™ IR 25 56 o D NIRHIX
Sepbh, R AR PR B SO BT AR SRR AL SR 2 A R T AT B i
QURTANBORRBL, T4 R THAT A A I 3R GeAE B AN B & AT s F A .

14 AL EBHRABTMEHRHE

ARSI FE 0 T2 B A A BRI (AT NI i, BB 5255
KA R MG AR 5. WARR S TR G LK. Mg as, 1
WE I FAAT NE RS BARES S o st Bk, s sth
BB PR, AR T BURE AT M SR st miite, HZHN
T HRTT & AT NI SR IR+ AT NI TIOVERE . AN BT 4
TS0 AR LT

1R . ARWEEND AT MBI R 5 2RJE 75
A T AT NSNS AN BB 25 - SR 0 [ P AR FE IR 5 R S a3, 355 04 TR
Rt AT N0 FEME R a0 1 AR ERAR SRR

%2 B BBREN ST NG FEZAREIR 5 HEOR R . AR E L E 4
TERMAM R Z51 5 ER R, P85 X BT TR YOLOv10 St F ARl ko 2%
MEZRASL 7 e, B Jm e 2 i FITASE P (10 25 R S50 0 48 A B AT B S A

83 E: RTHSETEERMS ZRERGMERGENFE. AREE
Fefaigr 1A a2 R 0 4 AT R X 2 2R, R i 73 i) o el e RSB PR A Y B JE
BT T VR . Ak, X RAT N B SR AT i 2 S Re, Il AE B @A
Ptk AT TH RS . X LESEIR IR 1A A R S AT .

4 5. SRR RAT NGNS . AT E Sl 1 oot e i R 2 B AR
18, SRR RIS ANFRREBAE A R T 1) SR A5 5, FF% o e & HLAE S5 as
TR A B AT PRI B, 5, IIAREAT ARSI =S G EW
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FAF PR A SRS . B, I Rl DA 5 A SR RS B SRR SR IE 5
IR Rk S AT

W5 E: BESRE AN LA S TSR AT B 4, b ZHEr LR
FAAEMREL [ 5 AN 2, T S 2R 1 LA 5 AR 78 77 1A 347 rl AT MR o
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LR RER 2 2 10 S

£ 28 EgRERSITARNE AR E IR E A0

AT, B AN R AT NIXFER R 28305 M T N B At il prid [
PR RER RN, DUERETS U b B AR A SR SE I AN A . B 58, N T8
FARPE N 28 B 2540 5 SR B . ORJE, A 1 it i ) YOLOV10 A7 AAer il [ 4%
P, R SRR R B R MO 2E T U-net 1 Transformer )25 [ ]
I EERI AT 0T B, A SO BN R+ AT AR S, B2
PSR B AU DAL G P RSO 75 (0 5N T35, 5 8 e Bk B kAT .

2.1 BRHZMLE

BRI L% (Convolutional Neural Network, CNN) 58I Sy — i Ji 2 5
R, EEUGAEEE . WA HIT J AR 5 A3 A5 400 Jle TR S s R P P R . A% O
BEUE RBIE T N AL AL, 38 I AR 1 SR U N B (¥R 3R AE . Bk
M5, CNN UM HEIRZ . ML EM2IEZEZM R SHREFHGRZ

CEPEVR A ) 7E o) 1326 52 B N FR EDURRAIE s Tt A2 W T SRR AR PR R 4R
[FJ I OR B Y 35 P s A4 B S ZOR SR U AP SN R 2, T 20 2R ek a1
155 CNN B RATE T H R HER: SAE LS, XA RED A i
B 7 (8 B IR ERE B, e RIERC > TSR, NmiRT it EAeR 52
1k gE

2.1.1 EHE

GG RINZ 28 I AZ D ER AT, HAE A Al A% M A\ B8 Hh S
JHBHFAE . BRI — BN BRI, e ASEE B s 58
JR B DX I AT B TC R ARSI SRAN, AT S — T AR B . AESRRERAE T, 25
KOE T R AR EEsDiE: P8 1, SRS —4
B2 BB RKAT LI, BERRIRE D KRN ATBRER TR 3, 1X = 3 80
HHARFALE B PR RST I 0s o SRC7R T2 A S A\ B8l RS Gl I s b AR 2R, 3 B K A2
TRERIXRE NS o 25 N K 100 S IX 8, B A 4 R 1 10 ROST S  A\ B08
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BREF—5. LGNSR NHExw , BERERNNCxC, BEKAT,
FIHFN O, W NFHIE B2 B AR 12 545 2% B RRIE B OB = (2-1)
F(2-2) fos:

= H=C*20) 2-1)
L L]
W= wﬁl (2-2)

A, o | FoRm N, S5, BAVBRBERABIE N 5%5, BEZEIR N

N 3x3, W 2-1 iR RE EIiTE.

BNIGE
Bz R

>

K 2-1 BREHEITE
2.1.2 BEERE

WO RABUE T — B ot Hoo0 R 2 M 2% 5] NAEZ P RE
71, ITE AR 2 ST RIS BRI S 0 R REERIERE, Tibts
MEH 205, #RBEPATEMAR I, B E SR EEE A, XRRCHIR
AT )R IR BE T o DL P0S PR ACELFS  Sigmoid™), Tanh(®), ReLUCUFN Leaky
ReLU®, 1 2-2 fizs. EAE B RAAFERFE, EHT AR5 E K.

(1) Sigmoid Wi K%k

Sigmoid BRIHE — i FH (B0 SR AL, BRI IR SR B E U 21 0 31 1 2 1],
PR ARG & T =0 R R, DR H At mT DARY B AR 2R A
TR IR A, Sigmoid pECEIT 5I NIELME, fEH0E L5 REE 2
SORMARZNME R R, FP I AR I A8 AR R BE T H ST e A B R R A AR
M, Sigmoid PRA¥UFIE—MEFFR: MHNEL RBUL N, HELESBILT
%, FEONGEFE A2 I MR PR B AR, ORI G R A P 1 2R il

12
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Sigmoid BOE R EH R A= (2-3) Pos:
1
l+e

(x) = (2-3)

(2) ReLu ¥ i %L

ReLU (Rectified Linear Unit, #&1EZMERIG) TAEEE N YMANERT=E
I, EEEREAAE; SRAEADNTEEET RN, e X E R
8145 ReLU Wi bR HU7E AL 38 OB EICHR I B S Rk v e . Holm KRR E
THRUGRE T IR JZ A0 28 I 5% v (0 FEE VA % I R, T A 32 i e B0 S [l A F T 5
PRSI RIS, SENEEHZEE. SR, ReLU tHAAEMZ 0 e
R, RIS e NSRS, g %, SERETIEER, 2
BRIV RE o

Relu 30 R BHRE AN (2-4) s

Re lu(x) =max(0, x) (2-4)

(3) Leaky Relu 34 ok %k

Leaky Relu (Leaky Rectified Linear Unit) f2& Relu Jif B ¥ —F AR, B
FEfRR Relu (R“SEAZ T A, 1M Leaky Relu 33 726 57U X 18] 51 N —AN /N1
TR, AN EN T ERRH— N E, AR E. X PR G T
GIurEARRIE, IWIMHE T MR8 77, I HAT BT IssR B2 #2202 (1 |

Leaky Relu 0% BB A XNz (2-5) Fror:

x, ifx>0
LeakReLU = i (2-5)
ax, ifx<0

(4) Tanh ¥i% FR%L

Tanh BREUE 0T 06 B8R G B O FR MG T E B R, X — Rt
5T Sigmoid BRECHEAF| TS . ARTMIE, Tanh eRECKEHNE LS H[-1,
VX TR], 3K B R M RFAE 72 A B Z2 30 3 A R B BT SR I H 35 AR %%, T Rk
o B 3 A ZE X RN GRIFE IR . 2T 5 Sigmoid BIESEALL, Tanh pRIEAE
MBS T 1 570 75 I A0 J5E £ R Rk /)N o 5 B00H P 2% I 0 A T 52 0 K J 2 i 8
2 IR . BRI LR Tanh sRETERRIR)Z h A — L ss, (HILAIAAAERS
JEETH S 1D ] B
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Tanh BEERECTHHE AR W (2-6) Fis:

X —X

Tanh(x) = ex —¢ (2-6)

e +e”

Sigmoid Function Tanh Function
1

sigmoid(x)
o o
(

x
Leaky RelLU Function ReLU Function
10

Leaky ReLU(x)
RelLU(x)

0
i . 4 2 o 2 4 6 8 10 10 8 6 4 2 0 2 4 6 8 10

B 2-2 DU AHAS [ 30T 2R 2
2.13 tikE

ihAL)Z (Pooling Layer) 31 T RFERAE FACRHE R ) S 4R, X—id
PRI D TR A S HE I R CR B T 3 EEARRAE A S o LR PR AR 1 5 Y 24 5
NBHEPRS « A T8O e % 570 4 HUA O IFE R e 77, AT 2 3 R AR )32
WHERE A T b G o IBAGERAE 5 W1 J7 208 SR AP 2404k«

(1) SRR A i B R 38 DX Ak ) de KABLAE ot Re 6 A7 25 OR B ARFAE 1
P REGEE . RGOS, X R L A S0 S SCHRFIE, T
Wl R P 2 R RFE SR B RE 70, oKtk is B AR an & 2-3 s

(2) P AL U2 0 v A B 1A 0 B BB BT B AR s, Skt
AT, P37t AT ) - P B B N DX 3 R AR A, T AN 2 5 H J i e 4 3 1
fiEo R T 7 EPIE R T 55, e Atk b g 7 AT, O BRHOE
WER, Fitis R 2 2-4 Bk,

14
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Stride=2

K 2-4 ki Bid R
2.1.4 &%EER

47 (Fully Connected Layer) [S4E gt 48 [0 2% (1) SRS 25 44), 38 5 )87
TEBEFRPHE N B R . 3 TR i 2 AR A 0T S IR, K2
YERPAEWUR B4 S0 o 7 AR5, AR B R 5 HRHIE 1) B R 4 o i
AT . R RN FESHERR, HaEREREaR0: ]
ORMIARLNE R R, AERFIESR & 5 YOS TR PGB T, IR R
2-5 IR

BNE

K 2-5 iEEE
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2.2 YOLOv10 =B84 EaH

£ HARR AU, YOLO Sk Jost it HoA AR R U . T aI kiR ) 1
— P AH A R B, BEE A AN R B R A N 2, B R AT b
B, T — T AR BT 0 288 3 DA R 30 SR PR A bR AT B o Xy 3 i
72, A E A T B ARSI AR, RS TR AR, IR 8L
H ARSI AR R R T W TE 1 o

YOLOV10 () B i BE Al ) 2 4 5776 TC NMS I 2R3 b, B0 T Mkt &
YOLO RIS AER KA ] (Non-Maximum Suppression, NMS) Ji Ab )5 #t
I8, SE I — BRI S A & — 0 — X Z AR, B TR A
PR AR B RN (NMS) [0 FH o 38 ik — B0 VT FE i 79 A 4 S 11 e
55, 46535800 ToU VAL TN 5 EUSEAE A ULED, 52 i B 4 20 A

2.2.1 YOLOvVI10 B4R Ze44)

YOLOV10 ZEZE T YOLOV8 B 28 S5 f R gEAT#58, X%F YOLOvS Hi ) — 1t
PEERAEGN T 34T T etk RIREA, YOLOV10 F 190 45 45 1 /BT X 4% (Backbone )«
913 ) 2% (Neck) FIAS M Sk (Head) = 43 2H e, 4] 2-6 Fzs >y YOLOV10 F 1 45
gitrE B,

YOLOV10 FH TP 2% % T 155 CSPNet (Cross Stage Partial Network) 051,
TS EVRRAE B T4, $RTHE BiRsh . R % F BB (Compact Inverted
Bottleneck , CIB) I AT = A B E R &, HMA®MEREH MW %
(Extended-ELAN, ELAN) . Ik, YOLOv1O0 8 KiZHE (7x7) ¥ K&K2Z
B, WA SHERAE T, RN EARRG, Rl g S B RA T
Ik SR KR I

YOLOV10 {2058 0 2% 544 F % T PANet (Path Aggregation Network) ©7]
45Ky, HEHSE Backbone Ml Head, 232 RUEFRHMERLEHI/ER, F YOLOV1O
[ 250350 D9 288 ) S A IO 5 A AT T B 2, A8 A SCDown AU K IR R R AE
g, fEEIRIIMLE S rp, [ C2fCIB RAVE: T C2f #ik, DAUSRIRm B (1)
RHERLERE T
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YOLOV10 4 i k S FH SRS I Sk 2844, N ZRINt &5 & — 5 — Rl —%F 2 40 Tie S g
HEFRI AL — % — 20, % NMS. — 02l AR A it E w I B4 5,
TEETW S — X — o E B TU Ay, T HR T HEFE

5

=™

i
| ! Cmv |=| Com2d > BN > SILU i
i T Nee T Head |
i E i i i Ome-to-one Haad i
i [ R i
EE SCDown i : = Concat Conv i i i
I vl |
EIE CHICHCIE : i Upsample > Concat i i i
i \Ll i i ‘T‘ \l’ i i Omne-to-oma Haad i
: SCDown ml C2CHCIB C2CHUCIB - .
Ak A v Lo i iy !
—>  Concat SCDown |}
i b 1 v i
| [ Upsampe > Comcat |} | 5
i E i & ¢’ i i Cme-to-ome Haad i
i - s f— i
! o o One-to-many Head !

___________________________________________________________________________

B 2-6 YOLOV10 4% 28 i 7~ i I

£ YOLOV10 8K R F B RS [ 28 v, C2fCIB J2 5t A2 18 FH 5545 1) 31 2
(Compact Inverted Block, CIB) ##t [ A C2f B[] Bottleneck, CIB 5t
¥ J5A Bottleneck H1 AUFRHELE AR FI VR B B RUINIE RGBT B i, 4 T 5K
YOLOV10 1 FJ N K A A5 By Ji oK B> ) CBL ( Convolution BatchNorm

LeakyReLU) fle# 44T SCDown (Spatial-channel decoupled downsampling)
f5HL . SCDown 75 2% [HFUEE b TR . Jei@ it 1x1 (& s BRI T IE I 5L,
PRI 3x3 AR AR 8] T SRR, 78 B TSR 5 PR ) B i O B P R B RFAE
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TR R 2 A S

EHEIDIERS

SPPF 24 /2 BA TR ZE M S: = IR Ok, R G — 9 5%5, Sat
WACHT AR OB J5 45 R P, 456 T — 2, TRk 1 2 RERE 1 1H
I, BRAK T vH S R g — 0K T 2T

YOLOV10 7£ SPPF Z /5 M i1 T PSA (Partial Self-Attention) &bk, f&—Fh
R R I PSA BRI BT A% O TE T B B RS B I RFAE 1] 2 S T
Oy EAT AR T . —E A RHE R AN B 2 Sk B R B (MHSAD AR 15 99 2% (FFN)D
R TR Bk, B a4 X BN SO B ER R . 5 — S R IE U AR B TR R
NS B o SRR P RHE AT R BRI TR S, R AR
ERLIRIRE /1. YOLOVIO0 Hr AR EE Ky e = B AN 8] 2-7 B .

CoF ‘
I

I COCTR } -
[ T ?
Gl I

e
Concat & L~
ey Concat

Conv

K 2-7 SRR R B

2.2.2 YOLOVI10 B3R5 iR 3

£ YOLOVIO 1, 55k ot T HETEREISE THIEE S R B E A, HLai

SR BRSCHE  E FH 22 R R R pR BOIBCR AN 21, 5 70 SENTP i AR AR 451 K% PR A

X =R R eR H R AR, SRR YA H ARAS AT E ALy i AT AL, 5] S
R 4 3] H ST 55 -

7 AR B T A H ARSI 1 X AN RE g . BRI S, Bl

THERA G 2SO M TINME 5 S 1] 1 22 57, (R AR AL R TS AN R H AR

IHIX B ST AW ML HARZE 73 FAE S5, B S B SR2 ER 1Y, AR

N
)

et

)
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Y 5 e WA 2R i = R SRR N A Tl &5 SRt o 2 R R B A = =X
(2-7) Fi7s:

CELoss(y, 7)==~ 2" [ log(p) + (13, logl~ p,)] @)

A,y RoRHELhRRE,  p, AN RIMER . N 1R 2 bnae 00 2R 1 i,

YOLOV10 X &4 B HUN 45 R 1 — 7038 Rt 2k (BCE Loss) #EAT I k.
B ek HE N Sigmod,  FHEB) Z I 0A SR EAT T, X BERA IR IR
TERFAN R A TS AL T 0 B 1 2 (8], JF H AT DU ROAL B 2 4525 03 2R M5 I
BCE Loss t+# A = (2-8) 1 (2-9) Fik:

y, = Sigmod(x,) = 1ﬁ (2-8)
I+e™
N
BCELOSS(y,j;‘) = _Z[yi IOg(),}l)-i-(l—yl)lOg(l—j}l)] (2'9)

AEFRAR R RR B LA R, BTN ) H AR B . RNEET R, 1E
YOLOv10 H{#fil T CloU Loss 1 DFL. CloU Loss %5 T IEFEA K E A0 2K
DFL M%7 anchor point 90 s B 72 BRI T f R mAS &

AZIEEE (ToUD 72 H AR S5 b (1 — AN SRS, B TRIIAE 5 2 SEAE 7
T B AE R AN A J5 X P AR LU AR, DASE AT BAS |5 E BRI ASE 28 T30 A [73) 3 SIS AE 5
I, BRAIH AR RN (2-10) FoR:
13N B,
BUB,

A, ORASIRME, AREAR. HJR, CHECSEAERITRINARE 58 4 AN E SR,
EATI ToULoss fE4 1, Ty kR SN TUIIARE 5 FLICHE 2[RI R A B, 3R A5 A3 A
RO GRiE NI 5 000 [ B 7 HE 0 T 00 A 4 3 SRR, I, TG 1 T AT 7 35 S AE
H A7 B A4, ToULoss 45 RARKG RFEAAR

il YOLOV10 1 FiI ) CloULoss M| E ToULoss 58 4= T th=% f& 1 LA L5 4 i) i,
BN T SRR L5 B SIAE Hh O AR R REE S o TOIIAE 55 350 SIAE 119 St /s A L IX 3

FRIXS F 2R BE 1 ¢ DL AREELREMA IR 1 v, AR B e 2 3] H AR AE A4 AIE
AT R &R R 5P HITERE. CloULoss a1z (2-11) Fiow:

IoULoss =1-1oU(B,B,)=1- (2-10)
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2 gt
p (0.07)

2
C

CloULoss(B,B,)) =1-10U(B,B,,) + (2-11)

X, o BT 58 LG 3G A1 45 2 A ToU 87336 i 450 2R (1P R, v 72
FH A A A 9 L — B E I 24

2.3 EEERE AWK LR
2.3.1 U-Net 48 %244

U-Net #& 172 [ #5128 K 22 ¥ Olaf Ronneberger 25 AT 2015 £E47 Hi ) —Fh %
5 ST W8 B, HOUREI U TS50 R i 2% 2502 ARG 28 =350 70 4 78
18 T e R 2 S IR A JEL I A% o w3 B 454 ReLU & Al
B R A A D B B MG AR AR FE PR S (8] 0 e . B JZ B0, Rk IR
BAEN, AT 25 2 2% 1 2 R . U2 AL T G i 25 ARG 2% 2 1],
st BRI E BN AR B UE R, A SRR AR E I8 SRR R
il i BB AIE PR MG 1 7 (] 23 AR, 45 G RO He e 2 ) 25 MK
JERHE S RS 25 (10 = 2R AE D B, A RUOR B R ARY . BE, fad E i 1x1
BHUR R IE WU 273 2845 B . U-Net 18 Jeb 1 Pl 25 44 75 B AR 25 8] 43 1% 28 1D ] o) B2 B
ETRHE, JEEVRE PR AR T 45 S I0ZIRARTS, A IR B2 2] U 1 2L
FEANSEA . U-Net [ 25 2544 P 1 ] 2-8 Fr (o8],

TE BB F AR S5 1, U-Net FEAH HAMURR (14 4 AT 25 - A A 25 22 A Rk BROE HEN L),
9 O R K 4G ) R PR 30T 28 o HAZ O RIBAE T B 88 [R] B Ab 24 SR R g
AT Ynbs AR 8 I AL BB D B UM 1 = ORHAE, AR R KT
PRr A R as MRS 25350 40 WS I e A R B A B A0 1 52 PR I 2 1) 43 e o KR
ERAHITEIX — I B R B OCHEAE L, ek i 3R AR R AT {5 B B etk i
BUMRID AT, 828 7E 22 B W 7K (9 [F) B B R B MG RS 4E 45 M RS B o X
BETE U-Net 75 Lb 2 Y 7K 5 AR AN 7 1 R B0 K €5, BEAS AL CE B4R T
T 25 W9 R . B4, U-Net FRORFRES 4 ( FLAE Y ZRid B2 R i il sl, i %
RPERFERL G RE 73t — DTt T H LM PERE. Bk, U-Net AMUBRHE A ZUNA E
ZRIIR KT, ICRE IR R R e B, SO EMR 2 R 55 e L ik

‘i}ﬁ
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PEATR] SR B O T 5 o

(]

) ]
input !

image 11 output .
tile =i segmentation
g o= map

NS ]
b

M~ &~ Te]
51 BN B
L R

[
MK

% .; .:LJ " B -t = conv 3x3, Relu
=l 20l ¢ = o™ 8 copy and cro
s o - ' Py P
e 1 512 § max pool 2x2
2 =» 1.. =) o =» » 4 up-conv 2x2
B 02 5 %
"~ » » conv 1x1

& 2-8 U-Net %% 2244
2.3.2 Transformer X 4& 2244

Transformer H Vaswanil®5§ AT 2017 fF42£H, 2 —MET BERJIHLHIE
TREE 22 2] 58Ky, HAEHARES 4P (Natural Language Processing, NLP) 47z Ht
197 RERN, e mE 2-9 s, HAZ OB TGRS I 2%

(RNN) FIK 4 {0424 (Long Short-Term Memory, LSTM) FHAFE 5 =,
KA IAT I E AL B R AN T, BT T ISR MERE . Transformer HH
G R 25 R AR AL 245 T 31 23 AL P R 3 I 22 J2 4 28 1) 1 3 T LRI RT BT 45t 4 22 Y
ZENGIMNIT TV A R AE R s AARAD A% U LE LAl B 360 T SRy 25 - ) 25
RN, T AR T AR RIFAT U R TS B A K
Transformer 5| N T 7 B il o IXFP v AL AL B 7 21 I R B €, A R0k
G T AL G0 7 FIASERY (1K P B A0 i)
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-
E lEI—?PcE e
[ SR }
" !EI—!ﬂ:E ) = e
[ e ] | [ saETEhE |
1 1
e )  EE e
[ ol ] (%ﬁiﬂg%&%ﬁﬁ]

=

+ 4= A S5=g

BIN i
P 2-9 Transformer 4544

HVER B (Self-Attention) 2 —Fhilid tH 5L H A FF H1 1 254> S 3R Z 1A Y
KEKRNEEBFAN TCRFRBIN, B RIM S anE 2-10 Fros. BAR,
NN TCR S W HN =AM E: A (Query) B (Key) FIME (Value).
A E A T E S TR 5 TR RN, AR R R A TR BRHE,
AR A & 0 5 e R R ARE B ol vH B i o) & 5 B A B ) o 1) ) AR A
JE, 33— TR RE, XA W T S AT o R S 0 T At T R R R
o A, X SR RHE P E AT IOBORAT, ARG AT TR PRI R R . XA
PLHIME AR RENS [R] I SCVE P R 2 ML B, PRI A &R, Toiix
FEAETH R IR A Zit. 5 RNN M LSTM AHLL, HEE 0L EA 5 &)
AT RE ST, BES B RO AL PR 81, Jf it G 15 5 25 2% B BV 2R ) 1) AL
HERE AT A I (2-12) Fros:

ATT(Q,K,V):SoﬁmaxLQKTJV (2-12)

N

A, QK V iEE MM E. RS HENE, Sofimax f# Softmax

22



TR A 2R3

WomE AL d B RIYEE .

-

BB

}

T ?‘%:jjﬁ T

K 2-10 HEENE

I AR 3f

Softmax

L2

PP

b

Q K \%

K 2-11 ZLHERT)
%2 S SIHLH] (Multi-Head Attention) /2 Transformer A [{JCBE4 1, &
W IAT IR 2 A BRI ok s R i FoRae /), Hai i 2-11 i
FEZIGER T, N SRAE 7 ) 8 AN 5] (0 B AR 4 A i 2 A1 1)
A BRI, AN R SO T R R D, W A AN R 4y

23
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RIRFIE . SRJ5 A Sk S i il ok, Ihdid — ANV AR BIR 4 45
IENREY s W 2 S Y WAL I A AN A )i e Aa ] L M DR NEIEE S VS
FHERILE A P T A5 B I RGEVERI R IARE 7). 2 ki AL 5 A Ui =Q
(2-13) F1 (2-14) FiR:

MH (Q,K,V)= Conact(H,,H,,--- H,)W* (2-13)
H,=ATT(Q,.K,.V,) (2-14)
X, MH(Q,K,V) AZRIEB PSR IEER, Conact NAEPHERRAE,

We NI EFEFE

2.4 KB

RERGNA TIREGIRMEM L, STHERZE . R Bos 2 4R
JE A% OB B 2540 b JRLER AL 1 VR A 4, USSR 528 TARRIIT e . SR JE X By
ZH 2 YOLOVIO0 MIZ8HEAT T AHE T, TZANG T KL 541K R L
5 Je X 4T U-net A1 Transformer 2§ 5095 X 28 1) 45 A BEAT 40 B8 70 A

24
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£ 3T ETHSEREIEENNHSZHEREGHNEIGE
MEA

ER R ARG, T AR — R RHEE TS . R, ERAREES
RAFMT, BBREAEF N WAERA TP EE TR, XERRm T
EARA I S AR I o O TR T RIAEE T AT ARG, AR s 1 —Fh
T NAETT BRI 25 S R EHR Z B BB S S T 2
JREERFIE SR S8 (Multispectral Filter Array, MSFA) . sh4&HE 5 EE = S
( Dynamic Histogram Adjustment Technique, DHAT) UL}z 4= J5) 25 [] J&& 1 455 £
(Graph Signal Processing, GSP) , MMYBEHAH M FFrEGH IR LM S, &Rt
B PR B MR B 4B (5 B AT Ja 24T AR AT 55 3R 4k 58 v o E I A\ AR .

i

Bl 3-1 FE 3 BT BE AL 22 AR 3R 4 1 BB &5 I I 28 4544

AR EEH K5 M EIEEE T U-Net 4ifiSas- g as 45, JFEILIEA E5IA
T RIS DRI LMK, SO EIRE A 3-1 Fros. i,
N T ZHRAER S (MSFA) |, 8Id 2 RUEZ G R AN R RUEE SR B R AFALE
AT SE G LA S R R I A S AT R 2R T SHE 2o bAh, Gt 3 1Bk &
RN T 2R (BRI (GSP) , bR 5 rl 7 B AR 2 (Bl R b, 1
SRARFAIE 2 18] )25 [A) 5% AR IR BE 77, 5% H R 2k DX IRV RAAIE T 4001 9 S Mg 7 o A 2 B
SRS A KA, SIN TS ETT BER /s (DHAT) , B aEETT
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P T A LR AR AL 2 18] ) SR 2% SR IR IR REAT RFAE AL e, A 2025 B W M 7 1Y) [+
R E BRI E R . Ba, @ 5EA L WEIERXS EESER, AR BIIAE |
FEGFAE R B CE T ) BN . SRIRAIRRY, LM EIRA L RW
2 s, [R]IN OR B PR AT AL S v WAk . R BEESE & HARS AL 5, Al
SR 25 RN AT NAIIAE 55 Hh R 28 3R T 7RIS B, B8k 1 RRAEE 95 R
AT BISERPERT AT SR . R TN TR PR A S MR S AR

3.1 Z4FEREER (MSFA)

TERI RS Tl R A 5 75 7 A BRI L, AT EL T R R R
NS N R Y S N S O S PR e T L L
FEAESRIT RGBT AR 2B 0 T P AR 0 S
i, WIAAFRAPI R ATEE (IS, ) LRI 51 R4 . B
B, S RBERRHESR IR ST L (5 B 2550 SO R AR

AT HREE T ARV TT Sk 3\ SR A 5 (MSFA)
CORERA RS ERS BL FAE I 32 BUR. BAE SN,
PIARHIEE F 5 F RS A RS RRRIEMRHER B, i WS RE iR
SR [ RTKCN + JE  F0 20 A R A T 28 5 T 55— A o A\ i
F e RO, iR RS R4 56 R MR HORHE, 388 G 1 AL RN 4 2
S50 LA R AR89 BB ] DS REAE  MAT 35 2
R 5 9 0 0 20 B 2 A
- N

F,
— OTTTTTTIR
‘ K

K* x K*?
.u.n = b}
ol & B
r" &
g
Vi K

)

K* x K*?

K 3-2 ZRAIL R SRR AL 1
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PACE LN p S P NEI N S S i INE S ON I Ee A 8 il S S
P T2 A AR AE . o, EREADN T EALE F(m,n), MSFA g 7% 8] 5
AESR TS (m,n) O K x K IE R IBUCE . BRI, 0 45 58 fi NARFAE
F e R RYGEE B, H—WZ, BusE s . Hik, @821
FH W, e ROWHBE RV e RTC . (HRBESG ML E TR, RS
BB SR v, , e FO FoRU (m,n) AP ORI E DPTAE, Ho
e it EAR WX 3-1D i,

,n+g—|

2

Vm,n=[Vm+oK K}, 0<o0,g<K (3-1)
FLR, KPS TR RBE ) 43 S8 I AN [ PR 2 P J2 A OB 1], A s L ] o
BRI (3-2) Fis:
Att, =W, *F. Att,, =W, *F, (3-2)
5 2y 3¢ R AE B M BRCE B R A w, W, eROY, R I RE N
Att, Att, e R™ o LELLE (m,n) AW HBLE B9 Att e RFK (i H 225
Soft max Wi . &S5, NEIFHY, | FEBATI, SINBUERAT G132
IRARHERL S B AR A RHERL S B EA L (3-3) Al (3-4) Flis:

7,, =Softmax(4ttF;, ) ®(Softmax(4ttF,, ) ®,, ) (3-3)

m,n m,n m,n

EL= S 7

m,n
0<p,g<d ™tP~

(3-4)

n+q—
> q

N, @ RoRFEREAReE . I IXFPITVALE 25 AR ST T RE S RS At IR AT &R
W e (1 X, 5 BRI AR BRI T, RIS DR B LR O 0 ANy

32 SEFEEENER (DHAT)

&4t Transformer REWSAT R PE A FH B IIKBOR 22, (EAEACERAN/ NI 5 R
RH S RUNZE R, FLRARAR Y A B RE RS, XS BUEME LUK X 73 1
M55, BhAh, Transformer £ 4 JR e ik AR I AR BE 78 70 25 g B & 1 23 1) =3 15
AL, 5 ECE AL R R ) SR A S AN T A5 BN A AE AN AL, BETT 20 25 B RACR o
e, WX RSN CUNRR A BESE) S H R, ML RIX M 5
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FREBANE, R SEEWECRAE, 2= E R EENY.

Kl 3-3 Zhas B 7 BV R AISOR FE T 145 Hi 15t 0 4 285 4
N T AL AR Y BE A% BERG Mt AL A L BRI, R OREE T R4, SIASEAE
Ji Bl R B (DHAT) UV, B F 8 AWM E . S8BT ERERE
(Dynamic Hyperparameter Adaptation, DHA) FIXURE 148 AT 15 N %% (Directed

Graph Feature Fusion, DGFF) . ##&HE 7 EVER Y (DHA) JEidsh A% K G
HRFAE 1Y R DY R, SRR R A A 4 MR A [ X ek 2l 3 ORI A S
HARKUE, DHA AL I 7 X RE A0, B RRIE B, A3
TR SR B AR 3 2 R OV R A, ] R 3 R ST ARk . R BT B
TN, FRTEAR RN RS, W4 HE = o b 3 AR (b 22 o I TN T T A4S
R E T IHE R 2% (DGFF) W 78 PN AS A RUBE T AT R IR B S
AR R T W20 R AN T S E A E AL B RE 7). [RIRER, DGFF BB RERE AR
A T P VAR DX Al 2 3 1) DK /NI 25 TR B RS, W DR XIS AR AE R A5 215
RIS, MTHE 25 AR . XN S i an e 3-3 Fiow

A BT E AT INEYUR — M & T S AV H SRR BT K E
TR SIHUH R RFAE SR BB o 21125 Y0 BBl A6 AR I 04 N ARRAIE 1) 25 [ 43 A 3647 28
e, ¥R T A RUBRZE . R NERIE T e RO WS IEIE 4 BEEAT IR A NP A
i WFE AL, FFESEKT HAEE V R BT HEY, EA
U3 AT BB A 3L MIGRFEAS . BHTHET 5 RFE 2 e B R a5 vl 4y
BSAAHEAT AL HE, AT S ASE R B A% [ B 4 412 = B AN R B RIS R e TR0 1, 1Y
WEE AR W (3-5) , (3-6) F1 (3-7) fiR:
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1,1, = Split(]) (3-5)
1, = Sort,(Sort,(1,)) (3-6)
I = DWConv, ,(Conv, (Conact(1,,1,)) 3-7)

X, DWConv, , 1R3E3x3 HIREBI, Conv,, REIx1 BF, Conact X
ROHEGRAE,  Split RFWFIBEHE L BATHR - RHE (e, H S VAR 53
HAFHAE) o EARVEHEREI S, ATLLSRHES A V mE. B
i) Q 54 K i, 5K QK. V IER M EALIGERIFA 3. Hoext v ik
ITRAIHET, RAERGIH Q, KERAMEX . X Q, K, VIEEJMEMHE
Pt B AR (3-8) Al (3-9) Fimk:

V,i=Sort(R: 0 (V) (3-8)
0,.K, =Split(Gather (RS 'y (1 ,n),0)),m € 1,2 ] (3-9)

KA, RO ARFNMGHFAE RO HIP Sy R, i MATHEF I E 5B - Gather
FORFETEHER IR E R R ITRIHRAE . SRR BT B EE P %
M EJTEES (Bin-wise Histogram Reshaping, BHR) FZH % £ 5 [ 5 ¥ 7 %

(Frequency-wise Histogram Reshaping, FHR) XA~ Q-K 13 & /7 &4 34T
AEER, TSR AR R IARE ). AR (bin) KB I, KERHE Cx HW BN
CxBxHW/B . BHR £ BH#ZBSE T B 1A% I HAEA bin B8 HW/B /Nt
2, A bin A& RESE MR R, FNERBCCREZERE . FHR
M KA bin (AR E A B, HH bin N HW/B, 4 bin {45 /b 4R
R 2, Re A A B SR IO kL FE 1)AE B th R R I 280 A = (3-10),

(3-11) A1 (3-12) FioR:

A, = soft max(Ze@ 3/1%* (K’ YR,(V) (3-10)
Att,,,, = sofi max(LE (sz/REF (K,)' YR, (V) (3-11)
Att = Atty,, © Aty (3-12)
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A, cRBEEESRIOEE, Ay, M Att,,,, [REA R E I A - EE
VAE =&

MU RTINS 124 o S IE I 1< 1 S BUR S N R EEE S &,
SRAL S 2 (R AR 1 o ARG 18 33 M1 5x 5 R RE AT 20 BS540, 73 BIFRBUAR [ R
FERVRME . ZET NS, 58 AN SO EE LS < 5 7 24 5 — A3
I o BRI P A1 N 28 S8 Bt S A sWan sl (3-13) , (3-14) AT (3-15)
B

1,,,1,, = Split(Shuffle(Conv,, (1,))) (3-13)
11,1 = DWCOHVSXS (11,1)511,2 = Convjx’;ﬁ[umd (]1,2) (3-14)
1,,, = Conv,, (UnShuffle(Mish(I,,) © 1,,)) (3-15)

XA, Convi ™ R 3x3 F RIREELEI, Shuffle 5 UnShuffle F/n 8 R H
DA SZARZZRIT, Mish AR3R Mish WoE e 8. 4, S8R0 B J7 B Transformer
B At AR (3-16) F1 (3-17) fis:

I,=1,,+DHA(LN(I,.)) (3-16)
I,=1,+GFF(LN(I,)) (3-17)

Xrh, INARRRIZIH AL, 1, AR j BRI

3.3 £/ EEEER (GSP)

FEL NI U-net W28, A& GEBEER S HLRECR B Z R 5 IR R RFIEREAT fif 5
HINEHHE, X e FERAME TR EGIAME G R . RN, BEaRE BB 3ef
XA RAE AT TR B, FECE G E (s S Mg S5 S (i
R SEXT A o IXPP R Z W FENE FOAFAERL & 07 30, BRI IA RIX P &SR
S, AR 25 R RS o

N TR, AFESEH T 2R EgEEs (GSP) M2, g4
& 3-4 fir7x, GSP BB IR R] 70 B AN 22 [ R ML, X R R AR AT
DAL I, A RCERRIZMER, RN OR BT Sy . IXRa SR R IR &7
o S AR GEBRERIE R AR TUR AN A TR . LR, ok R AR,
GSP #EHBENS SRHUT A& AN A R IRFIE, @M 2SI 2 k. i 2 RUZ
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FAESR UM 2 R (5 S AL, AL RS SERG B 32 I R A o AT AR S . S THE B
(U ES

T 5 N
H |:>H i

& embedding

w
_ concatenate
H — I > L
N reshape H )
=EliFEh
e S35 H
\ BaE SA /

Kl 3-4 ZFaFER 1451
2 Jey A (A R BAR BV R
B, SRAREE X, e R CHAT Ix 1V BREAE, BEERY R ANr=C,

P RmEr T E AR MR (3-18) Fin:
X, = Conv,, (LN(X,.,)) (3-18)
XK, Convy, RoRIx1BREEE, LN() RRZH—1L, HRIEE NG S
2 RELERBRARME R E R RR. 25, EFRENERIEE X, £, 5IA
W2 HAT IR 30, 4F S 353 F1 5 x 5 [RIVABE 1T 43 B9 B AR BT AR AE SR L. 22
PSR U M 2% 70 SO SR A = (3-19) A1 (3-200 Fross:
X! =c(DWConv, ,(X,)) (3-19)
X, =5 (DWConv; 4(X))) (3-20)
A, DWConv, ;M1 DWConvy s 73 37 3x3 M5 x5 KIRIE AT 2 BB, o
IR ReLU ol AL, TS ANIR R DR BE SR, RE TR ERE A 2 /8 FRUPE ) W 2 45 14
5 R B O WY e 0 A1 R A JRRFAIE o R 06 T 4 2 SC I R RAIE B X, RN ! JEAT
WIEPHE, R Ix I SRR EEROE R A ¢ » PHERERITE AR 32D
Vivas:
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x = Conv,, ([ X, X1, D+ X, (3-21)
A, x FRME ZGRHER, [|FoRiBE st e, Ema 7 A R
(RIRFHEAS 205 TR AT 208 1A 2 FO R AE o T ) Bt 5 2R B AT i 2 AT ML
TIMRHEZ M )RR &R, A — PR TH R ARSI PERE -
oG, FANER AT B AR x e RTC iS04 B 5 HoAh AT fr
BRSO FORIR A RS B . B Sk R AR AR IR (3-22) Fis:
r,=1(x,x)=0,(x)"¢,(x) (3-22)
A x Al AR E A RFE R, 0, A g RPN, EH
W I VERSEI, r AFRMERRRE. 25, BIrEAENRIRREAS
RS K RHEBER eRYY (N=HxW), XA E i ELCRIHE, , 4
ERARIER RAR T A (3-23) Pror:
r =[R2, R (. ))] (3-23)
A, R () RO R RFEREII S i 47, FoRhiE i 5 H AT AL E 1 o 56
FRo R, J) NSRRI j 5, RpRHAMFTEAE S E MR LER. 4
JG, BALE i R IERE x, 5HOCRRFE r Sty MBS RIBRIRFIE y, , MK
RFHER AR E AR A (3-24) Fix:
v =[xn] (3-24)
X, y, RAEEE, X2 EMRHEN 2R X RE RS GE &, N
JEEERE R R E R &E, i NMRESRE T E AL
BWERIME a,, I 5FAEFHE x, HETRAF RG50S (REAE, 5 3 TRER RS S
HEAR IR (3-25) M (3-26) R,
a, = Sigmoid (W, Re LU (W, y,)) (3-25)
f=a x (3-26)

A, & A MR
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3.4 KRR

FEETALS T, BURRBIM TR E R R LW R R CER, KRR
L1 $ik5 L2 SR & 177 SR AR S R R . R,
O RAEAE RPN B RO ME 7S B4k, L1 fdcilid LM IG5 Bir RG22
[N R 72, Refs SRS A Ml T L8 JRy R AR A1, 38 B DRI 52~ 1 25 2R 405
JEH, L1 SRR A RO G R R e 75, [F I OR B T SR TE IR . T L2 4
R USRI IME AR ZE AT SR AU ST, S AR R BB AR 2, IR AW
J B EHRAE B AN 5 o 45 4 SRV AR AE b ROPT REHEIE BLSE T R ik, L2 45
DRAE AL BRI 5] Ay A (e R B R AR 57, RS RCT i R AR T =, IR 25T
Ja B BB LERLBEROR R E AR - i A BB B R R, RATTRE IS/ R W
KRN G R B (A AT P . Bk ik A=t (327, (3-28)
A (3-29) FoR:

EMNIE W IR T, AR R 25w IR T, » BRATTE SCH R R
X (3-27) FimR:

L=LL+ML, (3-27)

A, A FI A, 05 LUBUR AT L2 4505 AU R, T2 B R0 R 7E 2

WA E DTk, L1AD L2 35155 e Lk (3-28) Alrw:

(3-28)

_L N @ _ g

‘ELI - N ;‘Iderain Igt

AoV B R R 10, 1 455 ST G R 5
MEFE, LR TR ENERS B Em & 1, Z R4k, LR

FruitE AR (3-229) Pk
‘CL2 = %i ([(ggain - [g(i) )2 (3-29)

L AR T LM EG S HAn L BB 8705 iR %=
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3.5 KMIFENIERR
3.5.1 B REIFEMNIERR

TEEMB LS H, AT ZWVEA A REE R &, 8% & 2R 2 MR
JFEE VAN TR R o X L AR bR e 0 AR i B2 A0 25 W IR S H AR TE T R 18] 1 AR
AP o A R P 25 F AR FE 8 (Structural Similarity Index, SSIM) FlI A {5 1
bt (Peak Signal-to-Noise Ratio, PSNR) #ff) iz ff F f UG R EvEA e bR, 1E
NN S MG R PPN BR vt

(1) SSIM J&— Pl & P UG TE L FE . 0k L B2 R 45 44 07 T AR ABAPE PR 48 b o
SSIM FMEYEFIZE-1, 112 18], (EBREE 1, RosmilE EBHGEAEEL. SSIM HTH5
mREw= (3-300 , (3-31) , (3-32) , (3-33) Ml (3-34) FiR:

Horb, SEEEXP LGB (3-30) Fhiw:
2aa,+ b,

IU,j)==a2

3-30
+af +b, (3-39)

A, i RREREBE DR EE, jRRE IKREHRE DR EdE,
a, o, X i A jIRIEME, bAREEL TR RN 0.
Xof LU FE ST LU e B = (3-31) Flios:
2B.B,+b,

c(i,j)=m (3-31)
Ref, B g R R j T2, b BREHEL AT G EEN 0,
gERp e (3-32) Fios:
s(i,j)z% (3-32)
Ap, g, i Fj 2 T %
o, SSIM HJTHE AR (3-33) M (3-34) Frok:
SSIM (i, j) =[1G, j)* - (i, j)* - 5(, )*] (3-33)

Xty a,c,dHRT 0, ATy 1, MAFRH BRI SSIM 25K
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QBB ;+b)2p; +b,)

SSIM (i, j) =
G = s fab) o+l +b)

(3-34)

(2) PSNR /2 —FhE T 7iR2%E (MSE) BB R E1E i8S, @ HT
firE A WEE S BinEB 2 GRS ES . PSNR FEBE, £oxEIE &
If. PSNR HIiHHE AR (3-35) Fios:

PSNR =20xlog,,(

P
max 3_3 5
USE (3-35)

A, P, REGEBERIENKE, MSE NHTTRE.

3.5.2 BEREMIEN5FR

TR FERE 2 H AR IAT 55 0 F T 0P At A5 20 1 i 1) B 2 TR, e K B ) T3
M5B BRI AT R, A —ANERE . SEREI R —ATRR E R, —
FIR N TRINZET o VRVE R R AL & DA 58 AR : LIEHI (True Positive, TP)  (H
IERRTI A EBI AR RIEW] (False Positive, FP)  CREAYAR{R I3y 1
BIBED « B (True Negative, TN)  CRERY IE BTN A 5749 (B D A
%14 (False Negative, FN)  CRERYES RTINS Bl 80D o BRERFE, 7]
LB A b 23 A5 B AE AN [ K00 BRI, J0HR A RUTE TR A0 G4 b 1 43 2K e
P

TE 4 T A7 5 R Y (R R U R 0 (350 4, ol SR IO AN R AR bR K R R
(Precision, P) . A% (Recall, R) . “FHUEHIH (Average Precision, AP)
P 2KE FEME (mean Average Precision, mAP) o X635 4570 5 WASIF # JB J
WY R AL LE R I TG | B S A AR A LA B 22 A 5 ISR G R . T
VRS B & A TR

FETRER: RERS R B AE TNy BB IRE A, LS IEBIR L], R T

AR R RGN 1A B S R AR (KT BE T KSR TS A K ns (3-36) F:
p_ TP
TP+ FP

A, TP R BRI e U BI A IR B ECR,  FP R B B AG I D 4] 14
ok Rmhlsy, Ul TR AR AR ARG, AR 45 SR (0 AT R
AR A B G RRAE A FCSE R s A B A Le ], ek 7 AR A

(3-36)
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R I R R SR I RE o A BRI S A st (3-37) P
o TP
TP+FN

X, PN R BRUR BERE I 2 A 1L B B . A (el 30k, dd AR A
B, AN S R B o R

SPEHERG AR TR R XS AN R B B B N AR R A A [ R 4R
fiti, S 7 BRAE 2 BME T B REARVERE . SIS AER R S A N (3-38) PR

(3-37)

AP = i P(i)x AR(i) (3-38)

A, MOZNKFEATIECE, PG) R RG) 73 3R NAEES i AN BIE R RS %
A B, AP &, U BRI AS R B A5 5 BE R (el 1k e A €

RGP IR EESME R P SO AP BT IME, T A AR A
2 200 FARAIAE 25 O BEAR PR R o T EIRE LA B iH 5 A 0n s (3-39) s

C
mAP=-L%" 4P (3-39)
M 3

A, MK ECE, AP FRE i NERIIE. mAP B, TiHIRE
RUTE 22 2 FRTIAT 55 v 1 B A 1 e -

7E BRI 55, VA SERY P BE AN 75 BOGER IIRS B, IE TR L7 &8
R AN G B R AR 9 T SRR (RS, 8 R A0 A%
fMii%L (Frames Per Second, FPS) 1E NP bRl . FPS FnB Y £ B4 I ] P fiE
B RO ER A G R, S, RARE M SER EGE, HHECR . B,
BRI/ (BRAL MB) « S8 APE /i B EL (Floating Point Operations, FLOPs)
R B A P BRI AR bR, AT B R TR R A ST I AR

3.6 FARITABIBELE
3.6.1 FAERIYIIRSFIE

R AE VR AR sz B 2 R D R 1R, BRI AT, #KIE T =
KBNS STV BANERT-I05E o IX S R R AL R 2 SO R AR AR, IR R
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TR LA AR 7 RS FE I S o IX S8 RN SO 2 24 B TR iR A 5, 16
o1 R UG ASR , 7 R A AR S I TS B . WU R VR AR A I A R o
HEMRDRE, THRHWNREEREFEALA (3-40) Fix:

7(0) = a(l+ ZO‘, ¢, cos(nd)) (2-15)(2-16)

s, o ABRIEMITEAE, o, R RIER REL, 0 D9 R0 WURH A

I E TR, 22 R ARE T s s RS, ik E
W EREVIMRK, PUE SOVEImEE . FFTUN R KR SR HEE 14,
s T AR v, 5 R B Z PR R AR ALK (3-41) M (3-42)

7N

v, =—02+5d -0.9d° +0.1d° (2-17)
y =y, (B0 (2-18)
Yo,
S,y 2RI T UG T8 0 B0 2 AR, p 2 G T O3 B0 2 OB L

3.6.2 ¥IEEME

BRI B G b ik Z ARRME R RIFAT NI 0 I B, ASHF ST T —Fh
BT MR B G 5 7. BRI S, FIA Python SRS Y £ 1) B RS
fiE, 4 H 2N F) Crowdhuman! R 42 10 R 4G UG, M T — MRS ELSE R
WY R A HEAT NI i 3 s B B . 2Bl Rl 5l ARV ST, SE AL T
SRR R R FR A AT A BT T (B, A Gt U B AL T T S A 208 S

Crowdhuman #(#5 58 L2 RE T H RERZ RN EET NG5, HPEER
B RE S EOER AT A B AR, FRAT A BARIE SRR S 4. XM
g — LA 24370 sk A ST A, Pk A BA 23 MTAN, —
A 23k 480000 M7 ANSEH]. Hrb 15000 5K FFI1Z%, 5000 7k FHFK, 4370
K FH T 500k
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£ Python ¥p 5, Rl 51 A\ BEHLME A= ARG R BEAT AL ], DA FC R
12 SIS ILTE N R 1T R e vE e o AR A 2 38 3 2 1) AN [ %85 F g s )
AT KA R 0 ELAR A 22 5, HLARA R P R A B R i 3-5 o

B 3-5 Lt s A R
B, T b St 7 T A AT AR e, R U N P T K S RO N L
e A, T RO AN R BLAR MY AE R AE R R RS S U RHE . 2233 24K
W SUES R B RWE 3-6 Frs.

(a) HELKla (b) FNEL&b
K 3-6 FAUIER E RSCR IE]
I JE P A B R S0 75 5 T 0 MR AT BN, MR RAT A st R,
5B R BRI 3-7 Pron e ARSCHEE AL 24370 5K A4 M RAT N B4R,
fir % A Rain-Crowdhuman .
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Kl 3-7 WSS AT Ja B X B

37 (HES SERA

3.7.1 SCUGINEE

SEIGSF SR % NVIDIA RTX 3090 GPU, Intel Core i5-13600KF CPU, 3.5 GHz,
16 GB A7, Windowsl10 #/E R %1, SLIRFEREE S SIHESE Pytorch AT, B
HECE R 3-1 fox.
#3-1 ERACER

SO E Lies
16 vCPU Intel(R) Xeon(R) Gold
CPU
6430
GPU NVIDIA RTX 3090
BIERS Windows10
TREE 7 2] 4k Pytorch 2.2.2
BAT WA 16G
1BAT CUDA 12.1

LGS Python 3.9.19
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3.7.2 LWERE ST

ASCAEFEA 3 @4 Rain-CrowdHuman R FRAT 775 MPRNet4#1
TMAMUSYAT 476 X MM, S5 R ANEE 3-2 Fros. AFE 3-2 AT DU H AR SO
RSP 251 PSNR 5 SSIM B1 0y s mif, RAEBR L MBCR &, M 1 A7k
HIAr ATk

% 3-2 1F Rain-CrowdHuman ${4% 5 ) & &1 F A

CR7S No Rain MPRNet TMAM Our

SSIM 1.0 0.906 0.894 0.916

PSNR Inf 30.083 29.765 31.244
SSIM: 0.7519 SSIM: 1 SSIM: 0.9546 SSIM: 0.9493 SSIM: 09114

PSNR: inf PSNR: 31.7620

PSNR: 30.

-

7391 PSNR: 28.8180
.f1 l —

SSIM: 0.7543 SSIM: 1 SSIM: 0.9246 SSIM: 0.9345 SSIM: 0.9390
PSNR: 20.1352 PSNR: inf PSNR: 30.1290 PSNR: 29.8556 PSNR: 30.2961

SSIM: 0.7146 SSIM: 1 SSIM: 0.9234 SSIM: 0.9270 SSIM: 0.9411
PSNR: 20.7028 PSNR: inf PSNR: 32.5810 PSNR: 29.1388 PSNR: 33.0047

) ¥

SSIM: 09152 SSIM: 0.8967 ‘ SSIM: 0.9217

SSIM: 0.6760
PSNR: 15.8922 PSNR: inf PSNR: 29.4430 PSNR: 27.3271 PSNR: 31.4015
“-xn_ ———T -l
Aol e fg o

(@)Rain (b)No rain (c)MPRNet (dTMAM

K 3-8 7E Rain-CrowdHuman %4 4 b 1) 2 B RO LE
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AR E SR RO XS Lt B 3-8 . TMAM kA5 =17 5559
AT BB I SOl NSRBI e, 3 — 47 B HA R 1 SSIM - MPRNeet
5 TMAM 7E85 — 17 BIG 8 & T A LR %, H MPRNet 758 —17 KGR A mmi
PSNR 5 SSIM fH. AFMAERE 4740, 7RI T PUE EHEOFO Fabs 7 T HES
B, B3R TRIE I ERACR.

AT BBV EANE AR 5 2R, A B BN TP 5K S s AR
B AT SR B AT BB AIE, & 3-9 FivR . i P sEa, g AR A A B AR H 1Y
RERITE LB MG b (0 T 77 T R I o MR T AT 1) R W vk, AR A
AMLBESERE A Z BRI KT, S ReA RO 1 i ACGE RS (4075, R4t 1K
BRI o X — R T 5 SR AT AR 200 2, DR SE IS T BE LS 1Y
MG AT AR ISR A T S 0 vy S A0 i o = R N, 3/ T BRI K TR AT ok
(R A N e A ) A

)MPet

Kl 3-9 7E Rain-CrowdHuman #5835 174055 b sE 46
FEA /NI, FRATTIE I T RSB BRI AR AR (1A R, 8L SSIM
AT PSNR 1EAPEAt bR . Seiarr, AT AR 7 MSFA. GSP H1 DHAT #3k;,
TN LG T A FRR RS AR L T R e . SRER A IRk 3-3 A1 3-10 PR,
SEREAE WAL 5 PR B AE, PSNR 1A% 31.267, SSIM 4 0.920, &EMRTF
HAb R ER R A . X485 R /0iEW] T MSFA. GSP Ml DHAT =& 45 &1
A0S AN 4 R — B 5 T A R R AR R RUR
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R 3-3 THESEI ) E B

Test-Our
Methods MSFA GSP DHAT
PSNR SSIM
-wo/MSFA X Vv v 30.348 0911
-wo/GSP v X v 30.564 0912
-wo/DHAT v N X 29.750 0.896
Full model v N v 31.267 0.920

— BT IR I, AN TR 1 R 25 I RCR I S AFAE 35 75 5 o FLAARTT

5, Hik/> MSFA BRI, BAEGERS A T B, PSNR 4 30.348, SSIM ¥ 0.911;
M sk GSP AL, PERE S A Frid Jh, PSNR A 30.564, SSIM 4 0.912.

—EE R, ZEIERA B (MSFA) XUk R HA EEMEH . MHELZ T,
G/ DHAT F 8y, A Y1 BE f) T B o B X, PSNR A 29.750, SSIM /9 0.896,

X FAAUER T 2 ki B I HURITE BR AR S P le B CAE . ZREKE,
MSFA. GSP l DHAT =AM EE G 750 KIE T & BIIRS, B T AR E
AL, AT S 3R T T AR R RUR

~wo/GSP -wo/DHAT Full model
P 3-10 Y dl s 56 3 W 1]
LE HFRRE M SZ86G355 4, A SCAE B @ 85 4E Rain-CrowdHuman #(¥E4E F, 4

W% H SSD. Fast-Renn. YOLOv3. YOLOv5s. YOLOvSs 1 YOLOv10s & 345
RUFEAT ST EE S0 . AR RELIGHER K/ (batch size) BE NS, H—3LiIl%k 200 4
epoch, HJUEFJZFA/N 0.01, *fELS2Ib 45 B UnE 3-4 iR,
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12 3-4 AT, FEARRIBORSEANSEIRIABE R, YOLOVSs A1 YOLOvV10s 7E4%
UK P RS, I R R AR T AR . ot YOLOV10s BIATERGHJE P
A mAP_0.5 43 A 81.0%F1 77.2%, #HELT YOLOvV3 4352 F+ 1 0.2%F1 0.3%,
FHELTF YOLOVSs 2 B4 FF T 0.6%F1 0.5%, #H LT SSD 1 Fast-Renn 27+ £,
18 JUAN SRR dr U SR T YOLOVSs, {H YOLOv10s ) FPS # YOLOvS
PTET 4 15%, HAEBERMENEE. & Bk, 5 =ML,
YOLOV10s HUAF 1 5e PR ARG U3 J5 AL v RO AGE RS 52 o T~ YOLOv10s 1EAS AL NS
B RE EARAR AN, EAT ARSI RS o 0 3 FE Sk gt v, P LA SR A YOLOv10s
(SRS it

T k0 B UE SRR Y 25 R BV AT RN A R, 7R A — a4
Rain-CrowdHuman b #E47 5256, X BUR A 2R A YOLOV10s SR A1 I 25 M 5
155 W) YOLOV10s-dr SEV5sEAT X EE SRR, % EL&E Rk 3-5 Por.

% 3-4 ARV EERER S 45 B L

ERGR B P/% R/% mAP_0.5/% FPS
SSD 74.7 44.6 70.7 60
Fast-Rcnn 76.9 46.8 72.9 8
YOLOV3 80.8 49.7 76.9 45
YOLOV5s 80.4 475 76.7 95
YOLOV8s 81.3 49.9 77.4 105
YOLOVI10s 81.0 50.8 77.2 120

2 3-5 PEAYSZIG AE G EY

SHEAR A P/% R/% mAP 0.5/%
YOLOV10s 81.0 50.8 77.2
YOLOV10s-dr 83.5 51.9 79.1

MF 3-5 AT %0, TN 2: W EVE S 1) YOLOV10s-dr #1528 T )5 45 ) YOLOV10s
Fik, /£ P. RN mAP_0.5 Eopiilfdim 1 2.5% 1.1%AM 1.9%, F8/-iEl | A
PR T BT BE R P S 2 RER & 1 EHR & WA B TR THT
N0 B89 R e O A A2

S ulRI, 7 IR A 1 R A S, EAT 25 R RS AT AR AT AR
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WRCRA L, SR 3-11 fis. wEE () 58 (b fTUEH, K&k
Y 25 1K) YOLOV10s SEyAAE MY 245 1)/ HARAT AR, A 7E ke 32 = 1 4
Sf B R I A Fe A B SR AT N S A NS B AT ZE AT IR, T 220 25 1 9 2%
(] YOLOv10s SRR X i A0 A 1947 Ao [FIRE, X (o) HE (D
LR HAEAT NS T 4am s, 20 W i BHETE /N B AR T AR 6E /) -
FIREREMBI S 4F . FAARAILTE, BBE AN, BRI H 25w AR A T
FE EJ7 e fm i G B BN BFRTANE T 28 ERTR, IR T AT R EVE
IESEE R IR TR G

B 3-11 AT A 4T ARSI X e

3.8 KENEE

T DR R I AT NAIRG EE T Ff )l, A m R i 7 — Mk Tahs |
J7 EE R B S 2R I 1 B 25 M B o i Rl 5 ST A W B RO
I RN BB Z AR R G 28, A7 S8l R B o0 A U 5 R B TR &
M SE DL 2k 5 BRIF IR E R AT . NRIERIEAAE, AEA 2
Rain-CrowdHuman %38 & JF 3047 1 0F LU ANV R se, 25 RB R EEN T 3A
JiiE, RO T ARG, B, BACE MRS YOLOvIOs
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FAR RIS £, 76T RI R 0017 AR 55 PIEAT T B . 550045 R,
Z it RTHULTS  F ARG 1 AR PADC S T IR IR e B 4T
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$45E EFyoH YOLOVIO BB &EIT AR E £

ARSCERHAF A S N AT ARIERA A0 IR IR AR &5 0 &, £ YOLOV10s
AR FERE EHR T B MDEN-YOLOV10 P4, 5 4-1 Fis. %M
A B 160x160 FAAERBEIFRH 2 REERHMERSHLH], EJ5 A 80x80.
40x40. 20x20 X = A RBEHEA B RAFIESRBGE R, A8 7 R T 250
FAES B Z R RS, RGNS 3k (DBB) i, il 4R BiA A R 104
FURZR A BRI BRI 2 0 S 450, S G S E S HULEIR, TEVISGRI B FF s
MERIARE IR [EIS, AEHERRRY B Wi Ab N N E A0, NI R 3E 3 T T RAAE S L RE
JIFITH R, #9651 NI ECA M B NG ERE R t, 5 THERE
PIA CNN Zetyrp, @ s EINBCEE BB, ERESEGENFEN, 232
PRI TR ORBERHE M OTEBE, AR T ST, BRI T TR
WIGEEALIHE (ToU) MEH—{L LA (NWD) #iik k%, FIH NWD
Xt H bR R BUR R, A T/ Bk PERE, B LR EE ToU XK H b
FRIAER VA e

|

: Backbonc : :
| | |
' PSA .
| = | |
I b
: SPPF | :

R — e ;|
: Pl : UpSample
I : : I
I | |
| N
| S — P
| H H |
l ‘.‘ ...................... .'; |
. t I
! [ C2f
| 3 | | v
| f—— R |
| : | UpSample
| H i | | v
| K ; | —
| | l
B o R —
| P W Ll | C21
! o | i
: L O =) : : UpSample
| | | !
: L e
| |
| o 1
! g Conv |
—
| | |

_______________________________________________________

K 4-1 MDEN-YOLOV10 4% 4 # 7~ 2 [
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4.1 ZREFEREIRR

f£ YOLOV10 B, /N B Askar il =Mz 0Pk H—, R/ T 3232
BEMAT N HIRE S PR R, AN 5 IR AR IR, XEAY
AN H AR A RS AT A CrowdHuman 3545 h R DU A =, BEHM
ZEJR NI, FHE B 3 BB PR AIG,  BLARUR SRR AIE B HAT 50 K S 52 B AT
B SRAERE 7T, (RN HARIIAE 5 BAE 2K T RFEE R i sk H=, %%
AR AR A 3 SR I AR R SRR SR AR AN A2 e LU O A B+ H
PRIVERERRFAE, FEURRR BE TS X =TT SE F I T B R 5 F
(AT NASIU 1 e o

N TROE PR, AR 4 AESE T YOLOV10 51 W) 45 Hh S Uil
B RBERFIER 72, BIA 8080, 40x40 AT 20x20 K/NERFEEFIREUE . A
T SR A PR N LI R B R A, AN SCTEILE =AM ARAG B, 36
T A 160x160 FIRFERE, 1l 4-2 o . %07 kil 51N 5 R RS HRHE
RS A BERICE Z AR (S B, TUH RIS ARG N il 5o, #t—54
Tt 7 REALS A0 BRRIRE 7 BRI 5, 125 E T I S5 46 160x160 HEAE
AP B BURAIE, JEK I 5 1 =N RBEBEAT Rl S, DT S A B 04 T (R R 4
B, X OR T LE/N B AR AIBOE RS H AR E LR, BT e SRR A U
K. 2 RER SRR 4-2 Fros.

Decoder

20x20  amssSsmEiEes
Backbone Neck Y. Y9
/ / 40x40 NS

/7 / 80x80

......................................................................

160x160 — 1

640%640

K 4-2 ik Ja 1 2 ROBERAE Al &
B, ReBUNRSTIRAEE (U0 Fy,, Fy A1 E, ) 1 ERARRAEY 21 160x160
R, JRREREAMRT R AWK 4-1D Fros.

47



R W PN e el VAT

FY =Upsample(F,,), F)? = Upsample(F,,), F,? = Upsample(F,,) (4-1)
A\, Upsample(-) Ros ERFE . 3555, K ERFE G RRAIE AN F o #EATRE S
A R RIE ] fuseq AR RIB A (4-2) Fro:
Flised = Concat(Fg, By’ iy, By (4-2)
X, Concat() Fon 5 BB L Pt IRAF . MG EHRMER F,,, £, #
BE160x 160 /= ZAa il Sk 7 DT /s F b o 38 5 TN RFAE I (7, ) R FATE i
M AT . P RE A B AR TR A s (4-3) P

B, =(Ax,Ay,Aw,Ah) (4-3)
A, Ax FIAy RoRr S REE, Aw R AR Ko T8 B AN B IO 4. X T4
ANAFHE, T B AR FERMEER p HE AR (4-4) Fiow:

pc = SOﬁ maX(W c'Ffusedbc) (4-4)

X, W b, 53 3 5 S A A = A i B

4.2 C2f DBB &k

N ZRdRE S, DBB BLERUEN 2 70 ST (B TE 525 52T 1 RF IR g
71, DBB #HESHIUNIE 4-3 oo ZBEBREE T AN FE RS 1B RRRE. Tt
MBI 7 SORANZE Z R H S AR, IR EETFAT 70 SCAE R BENE N2 4E L Filf Fe R (5 s
fib, AR S 1 RAIEAS (], B8 1 AR RS BRI (1R IA fE /1. DBB {4k
R LA T REEAEINZRIN R 1 2 03 SCE5, (BAEAERR N n] LUE L 7S
AR 4 T3 F0R 1K ey S E R ON A B R . IX AR 15 DBB fREfs
B 5 R an g AR R O BR 5 0, A A INHEH A (1 D0 T 2 R TR AL VR e
U4k, DBB FEBHE R R ARy 3, AR 3 PR R O, RE S B A MG
7Tl W 2 SRR RIS R SRR AR 55 AEAS R At 5 F, DBB #FREAT 23R
THRFIESRIURIRE ST, I LIS 1 1% G 2 0 SCAS R0 P DR S B0 in s R A 1k RE L8
DBB fEANFFr B R AR SRR a0 T

FENZRHT B, DBB ST 2 7 SCA5 R 4= B R AR 28 18] o H A AFAE LA

* >, DBB BRI H AL A XA (4-5) Fow:
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F, =Y B (AvgPool(Conv, (Y B(F))) 4-5)

e kxk RRBERT . B RIRE i DN SCBRIE, N o SOR, @
XA SO AR IRAE, RIETH 28 (M RF IR SR IR RE -

input input

\4 A4
¢ Lrafleal |

I I
1x1 |1 S f — kxk | — EXEI
S|

==

output output

Kl 4-3 2R3 3 (DBB) BEHE I ZRAIHERE B B 115 1t
FEHERRFT B, DBB %584 07k Bk it AR (4-6), (4-7), (4-8),
(4-9) , (4-10) Fl (4-11) FioR:
HBRE SR EE I

Conv,,,(F) = Conv,(Conv,(F)) (4-6)
AR R A
Conv,,,(F)=">_Conv,(F) 4-7)
BITFHE I
Conv,,,(F) = Conv,(Conv,(F)) (4-8)
R EEERE G
Conv 4, (F) = Conv (F)+ Conv ,(F) (4-9)
SR AL 4
Conv ., (F) = Conv,,, ie,a(F) (4-10)
%2 REGRFE
Conv,.,(F)=Y_Conv,,,(F) (4-11)
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i EiRAR e, DBB AEHAEHEER B BRI A N A BRI AT 2%
JZ.

NTHE— 3 R M 2 T R AR AE SR BCRE . AR SCHI N T — ol S 1Y
C2f DBB Hib, HEAN T 4MWESHNIME. BAmS, C2f DBB Bt
¥ DBB i 5| NBHELE M b, 0 C2f Bibdk4T T oedt, HI—> DBB KEHLR
T IEEE P33 B, MTMITEL T Bottleneck DBB #6Ht, 124 Hd it 45
EIxIBER KxK BRFCFEMEEE T — 2003851, IR, &
ANGSCA ARG TR E AN R RS AR 52 BT (RS S, A5 20 e A8 B A T M Aol
PR RS A RS . WZRTERS , 1X L8 2 0 SR S RO e N BN 3% 3 4
B, TEAS RS R P B A AT B N WAk 7 D4, TR E R S IR T HE RS . i i
FpEgih, C2f DBB BEHUAMUIEYIZRI B3t o 1 W 2% (122 I R g, T HAEHERR Y
B BB TR AR, AR SEI A B A R R TR ROR, B A A
4-4 Frow.

A

4
|

|

|

|

|

|

|

|

|

|
-

Bottleneck —

Bottleneck DBB il
v ———p
Bottleneck DBB
v DBB

Bottleneck DBB

|
|
|
|
v A !
NG
\
1
|
|
|

<

(@) (b)

K 4-4 C2f DBB #%t. (a) C2f DBB, (b)Bottleneck DBB ik

4.3 HEEY C2fCIB = HfEh

IR AR, B Rnl &2 2@ 5. G DU eI 555
KRB XTI R AL AL E RGN, BRARRAIRCR o TE
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B IHLHIFI B & RRFAE DRSS, 6% 3h 7 Hh S\ BMG i ik HE OGRS
M 5% H 5 SRR F A R B TG R X SR 82 o ZERETS 5, A SOW @ ROE TE T
B 71 (ECA) HL#IUI5] XE] YOLOv10 H, HH ECA g5k 4-5 (a) PR
ECA #HURTE SE BEH (i 5Eml EAEEDY, &0 7 AERE, R 1x1 5
KANAT JR) RS A AL HL o XN T VR AR T R R SR R R, RN S N T
TR (W SHONBAN T I IR P o AU RHIE BEAT S A AN S 20 1T, A kb g
T/ BFRFHE B B ATELG], X OREN T B 0 1 A 3 7 T 1 SR PR A, 1
BT L IR IESRELARE 77 Al ECA MEHUm I FE N A REENE, 2 H
MRESHE R SRR HA X Bis 51 5 28 HUs 1 8 ST mmshas
SYECRFE BB, ST TR B R RS e, AR B R s h R I
H B SRIIZARE )T . ECA REH BARBIL R AR T

X THNFHEE F e R #E AT 2R P, A aBE R ey z e RM:
4=—L—ifﬂmn (4-12)
HxW TS
X, z, BOREE ¢ MBIE AR PG . BB 1] BRHEE A
Pz AT RS EE AL L, AERUEIENE s, AE s TTEAR NN (4-13) Fiw,
s e R,
s = o (Conv,,(2)) (4-13)
KA, Convy, TR Ix 1 INERHRAE, o Fn3R Sigmoid BIF R 25,
g I B TE A s 5 SR AR R ] F R SR, 15 3 B AU SE MRRE I F A 5
A (4-14) fR, HFeR™ .

A

F=s,F (4-14)

A, s, RN MBIERIRE, FRRERHEE RIS o MHBEIERIER
YOLOVIO 5IN T — M MK FES (CIB) HIHi M s aitl . izA5
BRI A FH A 0 e (IR P ] 20 B A AT 25 RV PR 5 DA S A AR A 1Y)
B RGP TIEIELE R &, ST RN IR & o R DAE R A 2SR
EERFIR, R EEPRR TSR . W 4-5 (b) FroR, C2fCIB ARHRH] = A
CIB # BRI 1 C2f BB By pr A s i o 3l iXF st i, YOLOv10 7Efx
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PRI BE BRI, S 2 A 1 ST, SEEL T R RE S R A T A
AP SCHEA AR T 7 A (R S AL BERE 7, 38 BE S & N BE TV B SERR B
S, RISV F AR R AL 1R R AR R T %

e g

Ix1xC 1x1xC

(a)

=
ooooosess

(b)

K] 4-5 ECA LRI C2fCIB_ECA 45 . (a) ECA 45, (b) C2fCIB_ECA #k

44 JF—LSHREZHNEES (NWD) ik

YOLOv10 8 A HF L (ToUD USIE AR AE b R AN [5] RUEE 1) H A iy 2 30 H
WEMBURMEZE R TR ox6 BERK/NEFRT S, RIS RUNAIAL E i 22
FIREF 2L ToU M KR TR, X2 RhR%E 43 BC AR HERR 14 7 A2 ST s, gk 1 o] e
FrRt R RL . AN, X TROR B BARER MM Box (Bl 36x36 14 & 1 H
bR, AHFEIALE (25 R 2l ToU KA BN . Bk, TESEBRBH A,
45 ToU FRFRAEALFE/IN B BRI R BRAEJC I 2, 3 T 7R 28— AN T 3R i 4
SR BRHORAE /IS E BRI B 1 06 B

RRIRX — PR, AR T Pl T 2 A AR AL PR U — A e T B B T4 S
(NWD) P73k, 1275 s v S I 20 ) B AR 8] 734 A AU R Al e AT
Z I EBFEEE  NWD Frali& TN BAsRl, Byt B b RS 1) UK
JERAR, Befe SEAERA T AL /N B AR Z AR AR AL .

NWD #5125 s £ (9% 0 AR 2 #53 FHE (Bounding Box) #4541 i 7
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A1 383 TR T 43 AT TR 4 B 28R BT E B SR AT T AR A AR UL
NWD J5 %KM 17— NA— R, B H AR ST ) oo AR AR 58 i 1 O — 4
E A M E AT 2, IFEid i 1R (Optimal Transport, OT) B0 14
XA o AT 2 A AR B o X AT 20, NWD Re i B bx R AT
R 25 SRR, R ERAEAS R R/ H Ax_E#SRE PR RFBON — SRl v Be .

(1) i FHE Ry — e m i A

FEA— PR (NWD) ke, Al 30 1) B AR i FAER A —
Yera i oA o o i SR o0 B I FAE R A B RS CED S FE A e ) 4 e
N AT AT 2, BRI R R B fem B, A o0 3130 F7 S SR IR
BN . BRI, € SULFHE B = (kv ky, w, ), e BRI 5 72 5 S v o0 A

IR 2 B pR A= (4-15) ,  (4-16) 1 (4-17) Fiias:

(x—a@’) N (y—ZU§) _

1 4-15

o’ o; (*4-15)
o 2051.05j.+b1

G, ))=——5— (4-16)
a; +a; +b,

exp(—;(x—pfz“ (x—p)j
fx[p.Z)= T (4-17)
(@n)? |2

Kb, (@,.@,) MBI B0 - 0,0, 59 x 5 y BATPESKRE, x . pF1Y
LRONHRR IR (x, )« BRI T ZEE. X x-p)" Y (x-p) =11, N
WRIA H 2D =i o A 2 BEAC R AR JE T LK KA FAE @58 2D =i oA
K10 FAHE L AR B AR T A R (4-18) Fo:

— 0
kx 4
=LY = 4-18
p &JZ s (4-18)
4

Hrb, p urmE e BEAERE, FEFERIR TR A AR T [
seAh, TFHE A FT B 2Z 18] A ARABUE W] DA I ATTXS 2 1 s 7 AT 22 ] F PR
BRI, ANIRE ) LAy (10 28 8 i AU A D 20 AT ARACLAE (R T 55 ) i
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(2) TR — Ak i 0 PL A T B
EN A FHE B A= i 2 5, WAL AR (NWD) &iHHE M
AT AT B B LR BT ER B, DLMCR A B T AT AR . XANE S A —
ALER, IR — MR B Oy — MR RAPE I B4R bR, NWD [ HAR A
X (4-19) 1 (4200 FioR:

W (N,,N,)
NWD(N,,N,) = exp(—————) (4-19)
c

T T 2
Wa ha Wb hb
oy ey
2

K, 3 IRSFEAERBM N LBEYHES, 258k
EMRHH R X EBIRIRRE A BOtAL B H b5 /N2, EHEM TN A
PrREASEIN o

HTRX R, AN TSR (NWD) $URRH, PAR
SHEGAZIFEL (ToUD 15 5% pR AL /N F BTN 5 T (1 R BR P AR, FRATIR
T — MU &40 AL EF NWD #1880 ToU FiRAHE &, —E MRUE L
0.5, dEE FRfeE, BAGE A NWD fE/ H ARl B AR H, RN O
ToU FEAG I o Y H AR B HY CuE BE o XAV W 2% BE A% 6 A 280t = S AN A H
PR HRFIEAS S ANITTE S 2% OB S8 5 b 45 21— BE 5K L B ml SE AR I 4%

Wy (N,,N,)= ‘ (4-20)

4.5 LWERS o4
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SREE T 4.4% F12.0%.
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REESRHUST, DBB AU — D158 T W4 IR IESRIUEE 77, 4@ 1 FLl R il
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