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Research on obstacle recognition and unmanned vehicle

obstacle avoidance algorithm based on deep learning

ABSTRACT

Dynamic obstacle avoidance technology, as a critical challenge in
autonomous driving navigation systems, holds significant research value
in smart city applications. This study focuses on the issue of autonomous
navigation in indoor environments, with an emphasis on local dynamic
obstacle avoidance under the condition that global environmental
information is known. A systematic investigation is conducted into object
recognition based on deep learning, global path planning, and coordinated
control of local real-time obstacle avoidance. By integrating the feature
extraction capabilities of deep learning with the dynamic response
mechanism of the artificial potential field method, an improved local
obstacle avoidance algorithm is proposed. This paper primarily focuses on
the technologies of dynamic obstacle recognition, global and local path
planning, and completes the entire research process from algorithm design,
system integration, to real-vehicle validation. Experimental results
demonstrate that the constructed obstacle avoidance system exhibits
significantly enhanced navigation robustness in dynamic environments.
The main research contents of this paper are as follows:

1. Research on Obstacle Recognition for Autonomous Vehicles. Given
the embedded platforms used in autonomous vehicles, which have certain
limitations in terms of computing power, memory resources, and power
consumption, leading to the challenge of balancing detection speed and
accuracy in image object detection algorithms, this study proposes
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improvements based on YOLOv7. Specifically, the model integrates a
Dynamic Head in the detection head section and introduces a global
attention mechanism (GAM) and Slim-Neck model structure in the
algorithm backbone. Finally, a Wise-loUv3 loss function based on a
dynamic non-monotonic focusing mechanism is introduced for parameter
optimization. Experimental data show that the improved YOLOv7
framework achieves significant breakthroughs in model performance:
while maintaining the original detection efficiency, the average precision
of object recognition is improved by 4.9% compared to the baseline model.

2. Research on Path Planning and Obstacle Avoidance Algorithms for
Autonomous Vehicles. This study delves into the path planning algorithms
for autonomous vehicles and proposes an integrated strategy that combines
improved global path planning with local path planning. The aim is to
design an optimal and conflict-free global driving path for autonomous
vehicles. To address the issues of traditional artificial potential field
methods, such as getting trapped in local minima and target unreachability
during local path planning, the attractive and repulsive force functions of
the algorithm have been optimized and improved. Meanwhile, to overcome
the limitations of the Probabilistic Roadmap Method (PRM) algorithm in
global path planning, pseudo-random sampling techniques and
bidirectional random sampling strategies have been introduced to optimize
the distribution of sampling nodes, thereby enhancing the efficiency and
reliability of path planning. Finally, the cubic spline interpolation method
is employed to smooth and optimize the planned path of the autonomous
vehicle, significantly improving the path's continuity and smoothness.

3. Experimental Validation. To verify the feasibility and stability of
the improved algorithm, an experimental platform was constructed based
on the Robot Operating System (ROS), and real-vehicle experiments were

conducted for validation. Sensor data were displayed in Rviz for mapping

v
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and path planning experiments. The obstacle position and type information
obtained by the object detection algorithm were fed into the path planner,
and multiple field experiments were carried out in real-world scenarios
using the improved path planning algorithm. The experimental results
demonstrate that the deep learning-based obstacle avoidance and path
planning algorithm for autonomous vehicles can accomplish autonomous
navigation and obstacle avoidance planning tasks in both dynamic and
static environments, verifying the correctness and feasibility of the

improved algorithm proposed in this paper.

KEYWORDS: autonomous vehicle, deep learning, YOLOv7, path
planning, ROS
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RSy Ve E PR T ES S Gl B 2 2oy UL A PSS oy A =0 i Teawa i AN EE - 2
TeER . AUEEHLHIEE T AR AR S S 2, Y RUE I AT B
RS R 1 AR Bz S it XM S 2D B S AR A OLES NIRRT R
PSR 55 St 1 S Al IE . AT S, R S5 IEA5 R R 25 R SR -
PyEa, JEIEE T h-HR 55 i 28R, BENE SEIL R AT AR S i AR AR IR . X
o RS R, BORIE T SSRPEZSR, O RS IE B A2 IRt
TARHELLIE DR o

K 2-2 ROS HJTHE IS5
PLas NI R A T B X ThRE T R AR S2 I, HAZ OAE TR i o0 A
THEAR b BT S AL o W SR E SO AR A2 G A AR Y P AR e A
FRONEE RS AL h €/ P I E SRS ol il KRy AL R X U S W (S e T pEi i
15 WA AT . LRSS A G AR B S M, R A -1 T B A
TSI 22 749 i W) ) 3 045 B A e, XAl A5 2R L SRS A T PR A
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SRS IRAL TSN HEIEIE . P E S B R SRR D BCE
W51 s SR B R A AR G HTE B i h 4T, MO AGE R E T T
IRPLas N R G RCR

2.1.3 ROS IMERGRIIEE

BT ROS HIHLER AR R AN AN TAE G . ROS AR 75
It Th RE LA e, IR SeE A B el B e B R G S LRI R A, e T
RN B SR SEOUAN R B S A A TR BE R AT DRSS R
GERINREALIE I A R AR, DR RS T 22 A AR X AT il A A R IR
2T ER L E BRI, PR AR TAR X R & ALH, Ry 4L IR A 34T 2 2L
JE BN B, BRI AN A X RO 7 i R GBI L . X R AR
MR RGP RGO, s e B S RN R AT, B SRR I AR X
R B R AL R, X AR SE R BE 1 N PL R N R GE A AT K 3R
BT RAE AR RTT %

2.1.4 EF ROS IR ANE

TN DR RAS . TR SLAM SfiftE. Wi 2-3 fig
RAVCEAT TN, R bl 75 310 /51 AL GHELE, =
2 MCU. Hif. AL IMU. BOGEE, BRETORES. 88k BIERS:
ROS_humble. #iFEiEF: Python3.8. fHH EOGE X HRAT 360 FE4 77 A4,
10 %% FE AR . BOLMEERFP 5000 k. WIS 25 K. otz sts
#E Claassl. W EBFEMHTE 0.1%. A6 1% ARM64 (i AbFEZS . £ 2GHz. PIAF
2G.

B 2-3 e EANE
1544 3L BT (8 (1) /2 Intel RealSense D4351 REAHML, WK 2-4 Fim. ©a—

AERTIR KA. RGB B GCREMEIVEN & 570 2 ThREAINL, LN E s
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JE =2 7 RN A ZN A IE BB BRI N I st . DR S AR S B R
(1) IR AR

Oy PER S 1280X 7205 MIZ: 30fps, G RETEHE: 0.1 K
F 10 K, SCFREERSAIRN S K KR, SR, KA £S04k
WA, T 2T ANEOE B S5 XU AR S = A I 2 SR P T
(2) RGB 1%k

SPEREGE 192010805 FLEF (FOV): 69.4° X42.5° , VGHCIRFE LK as
BT, [E T HE R 55
(3) BRI T

GRS AR R AS IR BT+ AR, $RAE SN 8T 5 18 18 BR 0
s SLAM FIZNA 3% 5t fa e ik

4 2-4 Intel RealSense D435i iR HIHL

NAIHLRGER A2 U R 2E A, anlEl 2-5 P, STM32 fdz il e A
FAERTT, 5 LR AR SO e g i 2% 3 [ S s AE P ) R b, 3l USB 4
P DTS S AL a8 N HRAE R G R0URIEAE M. 2 RGN BN AR iz 3]
FEHHE S, TN TG RS R b, I AR Bl S I AR A S RS R
Hllo ZBCHRE R EIERE L, A RIRTT T RGPATRE.

TN 6 AL B2 S P h 1 RE Bk TR AR RSt 5 B IT U R &
FoORu M RES B AR br e LR 2-1. E N B NFR) “HEPR”, LANRSH
T SRR A, B USB @5 115 S AL ) 508 S A
fREIEIE, JFH3 ROS Hlds NRVE RGHENIMHESE . 2480 SEIL 1 FRBERRAN |
RFHRN Gz dl K 70 Z A, Fodr B 57 4 R g A R 5 A 55
MMINLSAT BE Iz 3R 4, Al AR s S MR BI R A B

10
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N 1

K 2-5 FAiHL
®2-1 TAFRESH

PERE 2
IRREH L 4m/s
RO FIE 180°/s
S IRIES 2400W
TAE 12V
FEL IR FRLR 120A

TANFHESMBEARRZ —NEERR, CREME 183026 SR
SLAM (HDI g Az 53t B ) S8 2 AN RHk U o IR EEFORM BARAE, FL[FIHE
BELNFE B FE AL, K 2-6 fin. EEANERERNMERES, 8
AFEHIBORE R 7R E R e AR A I ER R P A AL JE T
FENLEF NI sl R b, U RIS 5 8 BR 42 ) 25 A B T R SO
BRI o PRI E Oy A A i) Ja AL BRI, 3l R I8 Bl A A R 2 AR A
ZNJIERAA, K LT B AR AL NN TR S B B 38 & 781, N T T 42 il A Bk
PRALFTPAT B o FUZE R R A% ] 25 U AR A 48 A AT S AT ThRE,  Hood i S AR
ERGIRZE, BURIPUL BN PATSIZHE S, REERARER L, X
T oy J2 B S T A AR AR B BIPRAT 25452 IO SE B, R B M R () iz
ENELVRARAL, PULERER SRR B Ty A AR R, A U FAE R R T s R s
SR AR HAT, AT RIS s H Fk e AR R B R AR -t
Pl A S A 2% 2155 . SRR, SLAM HiARZ o N 4= SE8 H 3 5001 2l
BTN REVS LR RN, 38 A WOl 2 (A BRI R A I, IR
e B S EME RN E . SLAM FAR NI N SR AL 1 2225 [A) KN BE 71

11
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e SEIL A S AT EER A —3h

e L

SRR

SLAM AR AR
>>%&ﬂﬂﬂ
SR sEAL a5 v et A2 WK
> mam
> ol

K 2-6 SHTH A K

2.2 BFFEINEAIE R Al

ST YATTE R R T HAR IR A SRAETEBOR MR, IRAHE A H AR
AR BRSO E T, (8 B AR SR A o, R R T R A B A
UTEEAER, BT IRBEA SIS S5 MR T — RAIMEFHFIE, W T AR B3
PR B, NERRUBE 28 3 2 RUBE 4 - 35 I 25 1) 2 Al 2K

YOLO BEAE A 5l B B bR S5 i (128 BB RY DAL F IR P8 i 6 X 4%
FAly b AT PRI R GO A RE AL R DT AR, R S T T R BN S R R
Gt METALG P BT INE R, 250 R A v 30 3 1) — B BRI 284, F4 A6
TNAT: 55 A g [ A T 8, 368 T P — 2 PR Ao 22 IO 45 ) A5 T a2 S AE A b 5 2031 B
B REERMKSE FAAAE— 2, (B HAMEEE B RIS ) CRR, X—%F
A HCAEAT A Sr I 58 S PR B SR B i) o P R B 35 A %5 . YOLO Hikil
I A A AT > 1 NXN AN R RSE B RS BT, AR R A%
BT R B ANTUINAE, DAEZEAT BARRT I . S ZAar il I 28 i DR/ N X
NX(BX (4+1)+C). HHECT Al H AR 7%, YOLO Fik BAT HebR AR il s 2
DR Ay A AR 22 X 2% B e A AN MR b AT T, A 5 AR RO B R A
WX ST, W TANREEM B AR, R/ NREMAT AHAR, YOLO #
VAT RE 2 HH AT INORS BE AR S 0L, BROATE /N H s i S P T R 2 A BT
A2, SEASL AR LA 4. BEfE, YOLOV2 7F 2017 fEHE, @it

12
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KR 2280 R — SRR, S HAHESR N ZS Darknet-19, 14
5k HARIAR ZRHE R, 2 7RIS RE . SRTT, YOLOV2 1ERCE 5k L1
EAAERBR, JUER R AR F N RST B AR R R B, R BRI
Ao JAEHEH YOLOV3 S B [ BUgEAT 1 R, sE— B4R T 1 R kS
JESHEMEE . YOLOV3 il 51 A\ 2 RZ I ARAAE G FIE M 2S5 H0R, fE
TR AN [E R OBE H b R0 RE g, [E) B LR R TR e 1 ARE B . 5S4
YOLOV4 £ 2020 4, I T — RFNGIHH AR, 3E CSPDarknet53. Mish ¥
IR H. SPP-Net %5, fHSVLEAERS L 5 T 4EE 3R B 352 T, YOLOVS k7K
YOLOv4 ZEMIFRACERI L5, RN 51N Z A H AR . YOLOVS AL 451
SR, AT B B W% RN AR 5 A RN 2% S AR HOR R TG I
X LA B et AT VERE, AR TR R BRI HER I . e BB B R
0 T R AU U T R SR A R R T R, AT R A R e i 2 R ARFAE
RLE LSRR e R, FERIGETE TR AR SRS B . @I, YOLOvS 5l
NT HANBERGER S ER AR ISR, RS 5 T Il 2R F0 3
E, IHEZMEEESE EIE TIRFE RIS R . RE YOLOvV4 F1 YOLOVS 71k
REJ7 T i, RE AL PR O RS B R B0 5 A I S5, A7 mT R T s 14 L
YOLOv73& i Alexey Bochkovskiy [#BA7E 2022 442 Hi [ P9 25 45 R AE 42,
YOLOV7 {ERJIAGHA AL BH BE EIEek | RTAC YOLO B8, #F—D4Es)
H ARl AR R e

YOLOV7 J@id#E4 B-ELAN JEE JJ M4 T G B A 0 445 75 2OV 5 mes
PR SRR 2 X 2 B SR A S idt s, SO T 7E BRIV B AS T R 3Rt
H ARSI RS FE . YOLOVT NZG AR AL HE = AN SCBEHR 4. B A3 (Input). FF
P& (Backbone). F13k#i (Head). i A fi 50K 4 N B A BE = 48— RT
SRIG AR 2 T WX BEAT AR AE AR BOS 2 . BEJS, SR 2 1 0 2% 4 H 114
ZRRHELGE AR, HX AR AT RS E AL, B A H AR I FAEAL bR .
Kl 2-7 Fi7R

13
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K] 2-7 YOLOV7 48 45 14 &
T TG E S EE D RFIE CBS i, ELAN # 2P MP #ibe,

CBS fE4EE THERZ. BT —M (BN) LUK LeakyReLU ¥UH %, H1E
IR MR I 2 REERFE; ELAN-H AR S BOR v E R M2 (ELAN) BT
TR, Wiy K ZEEMEE A E A, DGR T 4 5 A U
R, DR TG RIES: MP BE/E CBS 223 at_E 51 ANXUr S0k
fERRLELE R B2y 30t MaxPooling #/E A FRAE 25 (R 4E R, T A G2
HIVRIEIESR: TR0 SR E S B, [R5 SCIaE R SRR Tk
B, TERE REERHMERAHLH] . B2, XM OB IEERIE (Cat) &I,
FEAE YRR 8 T R R DR S A R AE

SLEBHELLR F B 42 R G R IE & 738 WM 4% (PAFPND B8, iZdiHilid |
R AR R Z MG B e E B2, L2 RESFIEME NS, A
&£ PAFPN 4 ) SPPCSPC FBUIE IS £ 1 VAL AN CBS B4 &, SB[
AR R ERE B A G —, AT i3k 7 S i) B R SUE R . SR
F—Fh a3 1 T 7 20k ok B B — R R A oy 5, B B8 B R
— R BIPAANE G S SRR BT SRR AT RO R AR A, JF B
50 TN R AR . TEIX — 280 b, RSk EE— 2P 5] | REP (RepVGG
Block) PIZEH, FHT-I%E M PAFPN = AN A RUSHRHIEJZ P3L P4L PS [1idTE
Hod, BEMH 1x1 BREHRRHER TR, DUERTE AR SN EE
JEPEA S 53 S DL R A HE AT B ORI

14
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2.3 TAFRERAIRIC B A

2.3.1 ANI#izk

NLHGIRAR N — MR A R s, Hopz O B R LE: Nz sh 3 853
RN B REY, Horb B bs IR 1 J137 5] S LS NI, FRiS A 2k ik
Jr 71mBsbhl g .l A R S S G SR IR E, I REERIPLEE A H
bR RIBBEINE 71

2-8 A T.34371: 5 ]
NTHG W5 1855 k1B hERE, AR RECH U, £ riqb#g
&EAU,, WA
Ug = Uai(q) + Urep(q) (2-1)
H, U@ FRqRiM5I T3R5 Uy (@) R TF 15005 51 7130 5L
B E SCNAT(2-2):

1
Uatt(Q) = Efpz(% ngal) (2‘2)
KA ERRIER T, p(q, Agoa) Fs 2T 5 q 2 H AR K qgoar Z [ HIEE I .
J¥ /1R o g XA R (2-3):

P(q,90bs)  Po
0, £(q, 9obs) > Po

b e 88 s R B H T IR RS HE R IR, p(q, qobs) R Mgl
BRI SIS, poRon RSV 12, (RSP mfie, 2 q
55 b B) SR 2 BRI, 0 ML e 13 R R

ENTHIRA T, 5171355 % T1350 1) & 713858 %5 3 o8 B8R EEREAT R0
BBE q AR EIE U NZERER, Az s IR EEVURLRER 1F 1%

1 1 1,
Urep(Q) — {ET]( - _) ,p(q, qobs) < Po (2_3)

15
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JiEE, 51718 F 13 T B R TR BLR R e iR 3 (2-4)(2-5)
Fare = =VUaut(q) (2-4)
Frep = =VUrep(q) (2-5)
BT AR S A AR RN, B3R A RIER DT AR
T A RBER R KIT . BT X 45, BN ARSI AN LA
NEZE VRN ERAE IR A AL LA SRS o 1207 V2 ad 3R 3 o N 4 AR R i BV
R GOk 7 AT is iz s, et R ME R, BEERFB L
SHEF R, LN e N BE B E -7 S e H b
N LI i e B 2 — 2 &k (HR Ok FE AR R, 430
B3 sl K5 A0 s A sm AR S . T AR, AR AERLES N RS AT
B T%, SEENERBANRSEIRE, BEmEikE s Hix .

232 BERELE X

M i 2 P 77 2% o 2 [ 3R K22 2% % P. Svestka All L. E. Kavraki*' 2 t,
Hzl BT B b 22 8] 5 R G X ) 7 AR AR, A R B A 1
2% B TE s SRR I BEAL R SRS e S 2 (] L, 4k maz R At
R EIEAE B HL A A) Y = ORI AT R AR, RIS SR AR O i i ) SR 20 A
PIRERIE AR AFAEVE . WEFCRT], X T2 BN, A RECR R B a)
B FE AR ), IR A A R AT . SRR 2 223 ) 43 A7 R 0 B0
SEEERA W, BEE RS IR, AW 2% 7 e LRl 2 060, Bk
R .

PRM 5L A% O B AR I B R R R RAE AL & NI AT B B 22 1), 2
TREALRAE A BT A IR S5 1, I R JR A it A R S0 4 AR <1 s 1k
BRARMZ%, el R SR AT B AR . PRM i B 2o ST B B
R BOR R R IH B, RS A N BENLR AR AR N A 2K
T, R R B I 5 Bk S RS R T 2 A T R B A
I G= (E,V). Hrf, VRIRNTIRE, ERRAITIAN. EilBE T %
MG R RIGELEA H AR %, SRR A S R AT B2,

BT R A MR R oy B E R R S & R ER PSS, RIRAE
WRTIE MR ERIAG A i, B R A AR I 2 i, FEA B2 (] A Bl a5

16
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JER LR U N E s 2 R P SRR S A e e BB AR M 2%, ZRE
RAFRE SRR I 25 R AE O A B, Se R AE A R A Rl Sh AN, B
Ja E R R R R BA AT PR R AR,

2.4 KENGE

AR BA G ROS Hlas N 5#4F R %0, G5 ROSHLEF AH
PLEOK ROS Hlas NI ERAE R ST IR R 1 2T URR B2 2T 1) H bl 51
R SR ARSI E T N RS S R B AR A, TR St et
B B E kAt

17
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%35 ETFMuH YOLOVT IS BHriR R E £

3.1 YOLOv7 #2841k SR RE

A FH SRV B AR E 25 2] BORAE B2 B Ag Y er I 75 T B S 1 ot XL
HT AN N TR (AD W77k, BfEFS5IENSEE . %
BRI 25 (CNN) IR 360 FEALIRAESEARM), g Z N T Histadl. %
i) YOLOVT Sk L ANRESCHERS H AR IR HER o BEXRHXAS IR, ASHE TEAE
YOLOV7 it A DyHead 2% R I GAM & /i b, @iz
SRR, ERIER GO R B e . RS ) AL A RIS A&
£ 5 B TE (WA 55 IR B BE A 2 18] SE BB A, 2 5 05 17 A AN Sk 1) 36
RE ). fERRSE R, RA Slim Yo7 B4 Bt . TR 5 N
WiSe-ToUv3 51K, #1%F 2 RUZ A Astae RFEREATO0AE, A 2eE N B bs &
AR FAR PRI OR s A AR A DR FRF et SCHE 2L 1% [ A S B SRS 44 (1 00 B 11

3.2 HHAY YOLOvT 1858

Bt A 0 0 X 8 FE ARSI R AR AE IR () R, 9 SRS DR FE AN v B S 4
A H A g KA o L, At PR B B0 A il REUEEAT T = A5 THT 1) BT e

(D) N7 ARSIy T304 BRI, ASCabs T 2 s ipil
() Dynamic Head HFrkill k5 GAM 4 J7 i &= ik .

(2) AT B SR E A B RA, AR CERHESR BN 2% R T
Slim-Neck 45 14 K 2 4 J5 B ) PAFPN £5 4

(3) Jy 7 8 Y 2 5 R 7E 3 FAE [m] A 5 T PE e, A SR Wise-IoUv3
VETHT A0 KR BR L

AR T — P TGH N YOLOVT IAS IR BIAEAL . %R () 45 ¥
K 3-1 5,  RIReoa Bh T 32 mA il SR AER 2, TR T AHEFAEShA H
P AR A 8L FH 7 7

17
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aaaaaaa

mmmmm

,,,,,,,,,,,,,, (o) - : =

3-1 B YOLOVT LR 45
3.2.1 Dynamic Head B #r#0 Sk

AETE H PRSI RAE B R L B A AT S BT RINRE S, R 2 REF:
MERD G SR () 7 HE R AT S A, DUE R R AR FREE, S iiones
RHETCRA T — PG T 2 AR P 1) Dynamic Head HFREEIN 7. 1% 77
PAE RS I R A I AT R R, R TR TN R RS AR ) B RS I R

Dynamic Head HAnkriliskiz 7 V2 & JIHLHIR G AR 1 H AR K5 .
T TE A [RIRFAE J2 22 B 3 R oL SE IR B, E AN [i] 2% R A7 2 1] 11
T WU S A (8] 8 AL B 7D HISG R, DA RAER H b R L SRR
ANTEAE S5 B N, . X P2 4EROVER I RVERT, BETEJLPANSG I ih B 44
DNl = SR Ay wal | DS ek SR S v A

NRE R S [EAME SR AN R 70 T HARKL I Sk, FRATR A &8
PHEII LA IE T Fy = (FY,, 4 1R RAPRE SRR RS o [ SRR IEA . R
JEE R B AR G F B T DA IR g 4D 5K & TF € REXHXWXC, it — P E S =
H x WK FiR¥F4E reshape 4 3D 5K EF € RLXS*C,

ST RHIESKE T F € RVS*C, Bk i) OB ] DA QR

W(F)=T(F)-F) (3-1)

R SHOE L, RARAEEfabn AR P FIKE (L), RHE4ERE ($) Kl
EH (C). BUERET(F) TG 55 NFHEK & F 4 UTE 1 = 4E 450, LA
W ORIk B IRIRIE H A PIAT M. BRI S, 128 a3 2 4 A L S B,
FE BRI EE AR, AR By 2 P BN N RFE F 1R 2R 1 AR SR A

18
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HORSEI AT EE AR E (Query). #AE (Key) FEIAIE (Value)
M Ie HAMENESH w5 R IERRW (F)4 BERE PR E
Dy ORFF 5 SR AR 4 N RFIEF 56 4 — BUN4ERES5H, Wi DR IIE R 48 )2 18] R RF 1k 5 2%
.

B ] BB V2 R A e R VD R, (HERAE A 485 B2 2]
RIPBOEERERKHAER S S, FIX M s Av)schs. TREmTER
JITNRE TR =M AL RVE R i is,  Herp A i 78 200 R A0 —
ANERE I 4 FEHEAT L7 -

W(F) = m¢(ns(m,(F) - F) - F) - F (3-2)

Scale-aware Attention 1, : B 56 51 AU RHITE R AIHLHIREE A A F RE 1)
RAE, RIS EA TR SCE B AT I P A

7, (F) - F = 0<f (%Z F>> F (3-3)
S,C

Hrb, fONSMERE, K 1x1 BIRIERL, o(x) A hard-sigmoid 0 K%L

Spatial-aware Attention g: 3G SRR G 7 (AU RFAE IR A, FRATTSI N T AL
BIREIE R B, IR e, R A SRR AT, BRI E A
JE. ESERIARAZER (deformable convolution) XHE R /124 > I FEHEAT AR AL
AoER, DATAAL S )RR, B AT RO R IE R

L K
1
1o(F) - F = ZZ Z Wiy - F(Gpy + Ay ©) - Amy, (3-4)
=1 k=1

Task-aware Attention mo: A T IGRECE 5 2] & B bRFFHIER L 2 A0, FF
KT — PR SS BA B S . XMt B AR AR A AR B AN [F) A 55 25K 1 e
NoReST, DA EAR R R R I . 2 n] LABh AT SRR 1@ 18 DL B A
A4 55

nc(F) - F = max(a'(F) - F, + B1(F),a?(F) - F; + B*(F)) (3-5)
Hrr, [at a? B B21=0() NS H, K T#HHIEERAE, moc)RLT

DyReLUs.
B2, BATKEEAT 77 KB ER S B E & L, &ALk el T 2 2
W2, DIMGSRAH . Dynamic Head HIFC & 7~ & KU 3-2 s
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Te

s
s 1000
T
.
bm
:mr—‘
[ Conv 1x1 j [ Conv 3x3 j =
[ avg pool j [ index j Avg pool
T T A, »
L

3-2 Dynamic Head ¢ & 7R =& &
3.2.2 £FFEENNE GAM

GAM B 72 AR B A A R b B 1 SR U MR AIE . T8I Rl
GAM #i8t, YOLOvV7 BEM LA RERBGE sth o 5 5, dh i W89t 7%
PRI H BRI RE .

NTRIFEAG 2 RES P BERERE, 2018 4 5] A T Squeeze-and-
Excitation Network (SE-Net) BU, Fi| FF i 8 v 5 J A8 18 ZReAE il & R 40 A
HENIEIE . SR, SE-Net —ANERAUZ NG TGRS . N T fRTax — BRI,
BEJE 5IN T B ARE & R (CBAM) BRI SE & itk (BAM) 34T T
Bk, SRT, CBAM H1 BAM 3R KAEH ROEIE 2 M 2E B, SRS M
FRe NTERZEA BB, FFRT ZHEESER (TAM) B, @d@E. =
1) PR 2 1) e P X = AR IR IR R IR E BN GG E 2 ], R TH
ZRHEE . BEDL, TAM RN RE AR s = /MR, R RRTE A4
FEAR MR N TG mE Y e b, AR T —FhRR RS T = AR
ER LR NArE = ALiIK

FEBEIEEE RN E T XS ZETH, 2REEINE (GAM) 1ERH
R R A B S B RS, 5 R AL, GAM 7E R RAE B4
DRI AR 4 JR) 24 B2 A HLRFE B JJ P T T B A % . GAM 7E CBAM J&Aih AR
W7 PR, (B T IEIE- 2 R R P AT LS S R R
KR Z4eHEp1 7730, FfREIE . SRS AN S B B, B
FEWE 3-3 fios.
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Channel Spatial
artentlon Attention
W\ M,
Input features F; Output features F3

&l 3-3 GAM E B S HARER
e B R IWLRIE FH TRHMIEF € ROPW, Hop ¢ REEIES, H Form

JE, WARERSEE . PR F At Fs 82 ana(3-6) M (3-7)7E X
F,=M.(F) ®F, (3-6)
F; = My(F,) ® F, (3-7)

R AR, McRFBIEFEENE, MsRESMERIE, 95K RE
IS/

TESE—0vh, BIEERIEM AN TR, 287 — A EEgEE T
NFER. G, RMERNESFR#TETRRE, T ERRREFR,. EH
S, A AERE ST EMAE N TR, PR EPRAS S RO R . A E
BB SFRITIE TR, P AERARI . RS T EIE S S R R E )
AL BB HH 3 3 7 SR, 5 A TR0 I SR TR a0 N AR AIE P P i A T L s B 9
IR = ANYEE (1) S BEAFAIE

GAM KIS 5 25 [ E R ) AR A5 Ky 7 i an &l 3-4 F01&] 3-5 fios . J8IETE
B TEEHF = YRR HECRFE A MLP 3 3008 52 [0 (5 B AC B, 4 (A3 2 T ]
PAXUZ ARG (A5 B AL B . R, 2% 3R KA ERIE T e 2 5 iR (5 B
Bk, ZERAECHAERR, DA S U OR B RRAE U 145 R

MLP Sigmoid
Permutation Reverse
C>WxH —~WxH>C permutation ( 9

Input features F; Mc(Fy)
K 3-4 B R ) TR PURE K
CxHxW C/r><H><wW CxHx<W
Sigmoid
| 77 757 ®
Conv Conv > > —>
Input features F, Mc(F2)

3-5 Bl T EURER
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3.2.3 Neck £5#24# Slim &=

(1) GSConv fHH

FET IR BE S 21 B ARSI B2 R B0 WA BB (single-shot) Al Al
XA (two-stage) R o XUARVE A W B9 AR 40 s i R ) 5 38 R 8 R AR v 1
PR FEES{E (mean Average Precision, mAP), {EHAGEE Wig. ML T, #
AV TR FE L XCDVE R, AHAE /N H R DN ANE A7 1 B 3 A I XUEvE,  1E%
SRV SER IR N, RDIECIUBIE G . RO S R = T R
APk, Ry T R R, 3 ERR R R IR T BB (DSC)
SRR SRR AT S (FLOPs). R ntk, T DSC7EA# 4
NG, K FOmE (5 BdAT 1R, e AR ORI & s 1) R RE Y 3 A
brHEBFL (SC), IXFhZEEE AT RE 2> HI 55 H AR ARG B 22 . 9 78 DSC 1%t
MR BRI SC, LibPY% A4 —F 444 GSConv MHT7iE, HRAZELM
BeAERIG SR 5 RS .

BRI M4 (Convolutional Neural Network, CNN) 1, 7 14 4% i i@
HERMEMEIS R, BB ETE N2 05 B R2EEE BN, X
ANEGAR SRR R, REAE P 0 2 RV P A A 20, R ISl o B s i, xR
AR A — o SUE B . BB R R KRR T L ORFFIE I ]
MINTERRR, MR, EMBGHIERET, XL 2 (8] 15 R N 56 23D
GSConv 18T B TE i KRR E I AR IR L@ [A] (B2 . a2 GSConv #48 FHTE
BRI B, o IR IR, T S A A HEBIR E o A3 197,
TEAFAE G738 2% 1) Neck #157,  ARFAE IR0 38 48 B2 @ 3 A T B ORIRES 1 56
L fe /N, DRRHRRAE B R S B R Bkt . Rk, GSConv 7E Neck
0 P P R AR A B AR PR
(2) Slim-Neck %544

B FREE I By GSConv, SREUXFI7 2, BEUEIG T A PER 2 £
PRUEBFA) 50%3] 60%, i FLARAL )% =T R T3 9R R Hal T8 R bR B AR 1
Et. BAh, GSConvib4fifE T ¥tit, 5IANT GS bottleneck bk, 1 3-6(a)fT
TRNo

[FIET, AHETCHE H SRR A S R VoV-GSCSP, il id — LRIk il &
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WL FE BT B2 A LR RIS, ZEHE T mhs FERFIE R e )y LB ER i &5 0 AR
JE U 3-6(b)Tc. {HE PR, WHRAE Neck #B43# H VoV-GSCSP >k & it
FrUEGERRMI ) CSP 2, (A3 BRI AE V7 S s BB P AR T I 3 S 5 ik

70>

o

Input

k GS
Output ﬁottleneck Output

(a)GS Bottleneck#tk (b)Vov-GScCspiiitk

3-6 VoV-GSCSP #=1#,, (a) GSbottleneck f&1k; (b) VoV-GSCSP &1k

VoV-
GSCSP

3.2.4 Wise-ToU 4L iR 3

T HARRT I, $3 2% bR B vk Bl R v e R IR R, oL il i 2k
TROIHE 5 B0 SARVE (1475 (Al 22 R AR AL @ AL 25 2R . BRI ST N T Wise-ToU 1y —Ff
QU R R EL, B A PR AL I SR R A (5] ot R AR s, g i 4 A
I AASHREE . B LE ToU A AR E AL Wise-IoU, HAr2R/Mb
AR T () 22 5, I I 951 8 22 S m] e o MR 285 SR 7 A 1R SR T s ) o sdiad oy
FN NI TR PR, XESRUETETH L ToU B4 S FH TN [R5 TROIIALE frg
HEE I, DA SEIUINALAL R o S AN [5) 28 53 S50 AE 1) 22 8 3 23 EAT AL, LA
PEE E PP R M . Wise-ToUvl. Wise-ToUv2. Wise-ToUv3 /& Wise-ToU ff]—
FRRRAS . Wise-loUvl 51N T —FidE T #H 125 5 & o0 A s 0L, A R0 g ok
TR B AR SRR Zod A P T Be SR iR &, A=l (3-8) (3-9):

Lwriouv1 = RwiouLiou (3-8)
(x = x90)" + (v = yg)’

(Wy? + Hy?)
Hor, BRI TE W, S Hy FIBREE T BB 7 B ok, IXFE AR I8 AL
PRSI 2 . RN, 7ETUNAE 55 3 SeARvEAE 54 BER iy, b X o

Ryou = €xp (3-9)
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O PR RS I BURR RS, S5 T BRGNS TR REAR 12 AL R

Wise-IoUv2 7£ Wise-IoUv1 (2Rl F, WHU T Focal Loss ¥ iHEAR, SN T H
TARERE L (00, MINA B ST 6 SR SR kB ook, LT
SEMEUAIREAS . 5 SRR TE 2 OGN R AT, ETI R T T AR (2 R I,
ARUH:

Lo\
Lwiouvz = <ﬂ> “Lwiouv (3'10)

IoU

7E Wise-loUv1 H3&At F, Wise-IoUv3 5I AN T EHEEE p 250, HTHiEIESR
WERERL r, X —1 T T DX IR SRR, AT 5E 40 2 b 1
BRI A FIFEAR R GEE, AR

B
e G-1D
L*
f ==2€[0,+) (3-12)
loU
Lwiouvs =7 Lwioum (3-13)

£ Wise-loUv3 SHIAMELEH, B REE REB IR vEAl FNIAE 5t & 1 B AL FE AR
I E LR RN oU SR IE (L AL oy ) BEAT FERIETY . 1%3)
ST HLUE B v 4EFr pIEAE S BEIXIR], ARG 1A AL 2k 19T A UAe Sl 3 L
Fo S Ha5 I AR BB L DL SRS (A% 00 S8, 2 TIUINAR 1) B R R T8 21 T
WHIE C B, SRR E BB KA . 1388 T Loy 0SS0 SRR, BT
BV bR ERE I ZRAERE SN S TAL, (AP P4 i 70 O WS REWS H JE ML ZRIRES
VAR B T R AR B AE A PC A O, AR IR S E R, B
FIRTT T HbnENAESS BIRE R . AR 2 Wise-ToUv3 X YOLOV7 Ji7
LEAHERPNTE @

33 LGRS N

3.3.1 MEIMEFEHESE

N T Sk ik JE BE A A, A ST RE S A R BT 0T 5L .
Rk, #fF7Eifid COCO(Common Objects in COntext). PASCLA VOC2007(Pattern

Analysis, Statistical Modelling and Computational Learning Visual Object Classes
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200 A K Falak, A il 2RSSR E WS A E &, e 2
6200 FKEE, FERHIFAR LB SE S LREATY 78, AT, K 82 1
LR X L Bt Xl 7 N SRR SRR, AR A REA U 3-7 B o Rl A
SRR RE S 5 SOt P A P AR JBE 22 ST PR B R 3-1 BT

R 3-1 LRI

S BcE
BIERS Wimdows11
CPU AMD Radeon(TM)Graphics
Bk NVIDIA GeForce RTX3060 Laptop GPU
EEIA RIS CUDAL11.6
Python 3845 Python 3.8.10
FIHESR Pytorch

3-7 B W=7 B irEuRS

3.3.2 #FiEER

NVPAN P ST AR R R VE R, SIS H 1) PR A AR A, PR TR A
s
TP

P =Tp¥Fp (3-14)
R = e (3-15)
" TP+ FN )
1
AP == P,(R) (3-16)
R€[0,0.01,-+-,0.99,1]
=1 AP;
mAP = == (3-17)
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FE T TPAR 2 S Pr oy 1R EARE R IR TN I B AR A R . FPAS
S B g BB AR R A R TN D I B IR AR . FIV SR K2 Sk B o IR BB 4
BRARLER R TN N DB AR AR SR . P AR TN Dy LB vh SE B oy IE BT EE . R AX
RN IE B P FY IR R . AP ARERAE S A A Bl 3KF RS
PP . mAPARERAENTA I £ AP T EIME, LR VR IR R I fE ) &
ZHEbR .

3.3.3 jHRMSELG

NERUFEHE YOLOVT BVAMAE &k, A Fust i Sk b7 T A HuL b i et
B INSABEE, FEEAR R EE S BT . @ ase s i, YA
T EA R, 2 SEI0 4 VR LR 3-2 A1 3-8 fitn. THRLSZIRESS
YA PR PO BB AR BE (K DU, 408 L0 E 025 S0t 1 S 2

YOLOv7 _model 1 &/RTEJE YOLOVT7 H ik F4E K T Dynamic Head H #x
RSk A7 . YOLOV7 _model 2 7£ YOLOvV7_model 1 %A EdE—Da& T 4
JREE HLHIRE . (GAM); YOLOv7_model 3 I7E YOLOvV7 model 2 L5 AT
Slim-Neck #AIZEH); )5, YOLOv7 model 4 /£ YOLOvV7 model 3 [)3&A %
HT7 Wise-loUv3 $ik %, b RIE LSRG )W E BIE ST E S =0 i &
TS A e, LR I i 4 S A AR [ R

32 MBHE o, 7651 N\ Dynamic Head HArISk 2 5, YOLOvV7 model
1B T I YOLOVT BERYAERE B2 A I3 LL & mAP@O0.5 7 iR F T 1.8%+ 0.8%
#10.5%, %iE T Dynamic Head fEAFIE(E SR B 2/ HAR IR RE 1 LSS, R
EHATE BRI 1.1%. 5 HE YOLOvV7 model 1 5 YOLOv7 model 2, 5
AN GAM J&, BHRIFE B3R =Tdabs Bl 7 1.7%. 0.8%A1 1.1%H1#2 7, {Hit
AR RN AN T 0.8%. £E YOLOvV7 model 2 5 YOLOvV7 model 3 (5% b,
3% T Slim-Neck 15| N, {ETHEE T T 2.1%M RN, mAP@O.5 HA 76.5%
RTEE 77.2%, FHAREAMA BIZ T T 0.9%A 1.4%. Wise-IoUv3 il i
A TE] ot & BRI 2R B, (815 YOLOvV7_model 4 ERSE . #H 7] 3
mAP@0.5 J7THIAHXT YOLOv7_model 3 73 All#2 Tt 1.6%. 2.1%AH1 2.6%, 15 &N
W8 0.2%. BAKIME, SOl/E0 YOLOVT MAIERSEE L4m T 6.2%, A
FH mAP@O0.5 W4 WHRTF T 5.1%F0 4.9%, FEHEAE TSI T 0.1%KI %
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. 4 EFRA, Gl YOLOVT MU ZERRE R PERSAO RS, tomf i T B

R 3-2 SIS

BHEZFR DyHead GAM SlimNeck Wise-  Precision Recall mAP@0.5 GFLOP/s
louv3 (%)
YOLOv7(baseline) * * * * 75.1 775 74.9 10.4
YOLOV7_model 1 S * * * 76.9 78.3 75.4 115
YOLOv7_model 2 S N * * 78.6 79.1 76.5 123
YOLOv7_model 3 S N S * 79.7 80.5 77.2 101
YOLOV7_model 4 \ v \ \ 81.3 82.6 79.8 10.3

TR T ok AEEE ERSGE YOLOVT FERL [ — 28 HAT AR (1 445
B, WK 3-8 fian. MHLTJEAR YOLOVT 53k, FERALR B AsAS I wE w4 1 T b2
T, SRR E R T H ARG I BAERE. X AR IR T
YOLOv7 Bk Bt csiidt (A &tk o

S 2N ———

(D)X YOLOVTHER I 45 5

P 3-8 ik Al 4 AR E

3.3.4 5888 AT EESIE

N B IR T Ut JE AR R B T, AR FCEEA R BT, X
Faster-RCNNP3), Swin-transformer®®, YOLOv7 LA K& ik i i 5070 76 A1 7] B 4t
BRI g R LI TP BB A BRI /N Y 640%640, FFBEAT 150 %)%k, 7E
CEO VPSRRI, R IR E (Precision). A B3 (Recall) FIF 14 &
(mAP@0.5) fE KRB FEAR. WL 3-3 Frow, SR YOLOvT SHL7E
mAP@0.5 Fabr EEUS T S, 5% 71.1%, SFAMSET Faster-RCNN LA
R 55.6% ) mAP@O0.5. A, YOLOv7 Skt TAESir Hdrkr sk, H
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mAP@0.5 iE2] 65.8%, (HEASCIEM F G SRYAT 28 . ARG R RAN A [3]
JTTH, ASHEUSE N SO SR R IR R, AR 72.4% M1 72.6% . ILITSE L
SERIARY], S YOLOVT SELE 2 N1 fRbe L350 T3 by Fodth B
PRI, Fe U] T AR SRk SR A R A S R A

* 3-3 5OAFEN SR

b Rt Precision/% Recall/% mAP@0.5/%
Faster-RCNN 61.4 60.5 55.6
Swin-transformer 63.1 63.7 58.4
YOLOv7 70.6 69.7 65.8
Improved YOLOv7 72.4 72.6 71.1

3.4 KENE

FE2 Iy 5SS A A I i, AR Ge SR 5 S B TR 2 (A R R i, 0K
ARG BRI EE N TR, Oy 1RSI SR R, SR T AT YOLOVT ek
AR . AR Ot AR R AT AR 2 DL R 2518

(1) ZAEE T DyHead H bl Sk 255271 1 EA FIAET X H bR
Wl

(2) FEMGRHETET 5N GAM JER VRIS, /T 7 NI
BB AT R ITIOR RFAE, AT 38 ARG o

(3) diilkja R RR A T Slim-Neck #EAYLEH), (HIELRRR T 2 BHEER
(5 BN 1 I T T B3 I 28 S5 R PR B R

(4) KH] Wise-IoUv3 5k o B A QRS Y S5 K o (45 R pR A, s 17 A
2% 435 ) PR UAT ST 00 33 2

A H e B U ZR S8 e 7 1 AR SCBLRAE 4 R vt #EAff 2 N4 ] 25 1) [
ARSI R P H bR . ORI, £ mAP@O.5 fabr b, AR A
O 7 YOLOvV7 BB, T Hab L T HAR B R s A, Oy R S04 &80
SRR R AR SR A T F ARSI S A
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B 4E TAESMBREEENR

Ak, MEAEREAR, BTAFECT ZRAT T BT RS
GURET, AR RURIE Y B 3 S SRS A O, R R TR AT
R =R OSSR AR, R AR PAEE T AR BN R B2 RN 4 R AR R A
BURTAT PR, HLAZER AT RE 00 BUE VT I 1A R RS 000 4 FH (R RS B TL 28 N B A
RISV A*GEOI ME2R 1 28 1872 (Probabilistic Roadmaps Method, PRM)®2), it
IR RBENLI(RRT)SH LS, N T#3%7% (Artifical Potential Ficld, APF)[0+651, i
BERELS, R IR A LR B 2 b, RO AR AN E AR BEEIR
PR AR S 5 TR FE 2 2) R T N A i e B O A 7

4.1 TANEBEF AKX

FEPLE NPT AR RIESS I, 2/ R RIS s & B EE ). &/
BRAR A B AR T AR B RILEAR, DbLas NI4T ESR BLEAE 35 TR
B A A ) U0 A R S DX P S PR LA, DABA DRATLES A RE 8 SN @ T B g
.

X BN AR R N T R B e ME . HARAS Al A 5 )
PRM B#AERRRIGEE A R, RE . PR AW A2 1 A o B2 2R A5 T i
RN RO % RIASCIR I T SO MR B 2k IR 5 N 330 1 B A R
RIS

B, X REREAR RN T IE R 51 Tk B AT e, R ANERH
bRV, 32BN 51 1R BT, SR JE B R B A B R R A  HL
RRPTE R R, $EH T — MO 4 R AR RIS, 2Rk D R oy Sk
HEEAT XU L) AR o 38 I 240 AR T b SR A A B VT 5 51 NI 5 5 97 i S g
DAL ROERENLH] LD TR AR IR R, (R ORRF 42 R BE 0 0 Rl I 2 25 3R 7
BRAR AR R . BEAL, AZSIRAS G T SRR . ORI AR R T
P, TRIETE AR T PR, A St AR RIT S5 . 07 BSRERuE i, 1k
Ja B SR RE 1 25 SR TH IS SO P I S B AR T IE VE  Be2%, JRATREX — ik S
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IR TN RS b AU . SRIR SRR, BRI R AT T S
] _F, SO s A IR S B AR 48 10 N 343795 A0 PRM B S (P RE

4.2 £ F/EEMR

4.2.1 B PRM B3X

(1) DyBEHLIAE

FERZ 7 I B, ARG PRM il 42 Jaj 35 50 SRAE SR A BSOS A1 A, 4T
F BB AR R L. 7E PRM RS NIRRT, B2 B BOERT SR/ b
Bl BRI, AWFFCBCTE 5 Rh 3l R 00 L) ACRAENLE], 3 PR AR A
FEVEI RIS B eSS, A R RO AR IR R, BB 3R T S B AR AR

2
H

=

EVEV

fE PRM SEMELE Y, AL G RN RAE SRS A B 1015 e RS A0 R 2 [ 4 P 3
JE ARG, M LRAIE 42 R A A ke, 2 BOREE sl A 2 LR 0 R ks
AEFEF= AR TUARBE o« SR AT AT BR A LA R R 38 40 A TS0 A5 H AR mUZEZR 1 46
AT DI, 2% LT RAAE A P A AR SRR X, 8 SO % 1) - Fl e 7
TR A S, FRATTREE s AR 1 B NS (g, vs), - FLAR BT AAKR
WENG(xg, ) ZEIHFHIIAK LR MO R N
L=IG-SI, 4-1)

0 = r_ arctanM
2 |xg _x5|

AT T 2k KREENLZ B L5 R 7 n S RAE (BT AT =, 19 BRAE
IR NG, 4N P

(4-2)

Ny =~ (4-3)

Z 2 FENLAMAE A TR B, FRATTAE 7% 18] 32 b BT 3 1) B T2 DX HEAT TR )
Xj‘ /\ﬁj\%ﬁ’ ﬁéﬁ)ﬁPi,j(x,y)frﬁﬁﬂ?:

X =Xxg+ 714X cos(@ + q,’>j) (4-4)
Y=y +71; X sin(9 + qu) (4-5)
rg =iXNgi=[12..,n] (4-6)

Ho (xg, y) RN T NTHIERIA 1 rg R R4 REERAR DU SO0
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®; E [~ P | RAKIE SR I LE s P RN BN F o SRAE DI 1 B2 2
ol FH TP RE S S R AR, TERE RSP N, SRFE s DA il A e AR il
SEAGNFRIIA o P PRI T RFE DXIBAE F il B 7 ) A RV el o Jd I X e
P LRI AL, SRR A0 23 8] 2 A1 25 R0 7 I R R 15 20 R0l R JE 4R kR
AESE BRI AU P T RS A B Sl . BEE ¢, IR, SRFE RSB E £
2 ()l 1) AN 7 T SNz A . SREE R RS MY R, BRI,

RSB0 AT, BTSRRI . FEEFHAD = P /m LG BB R AL -
VA HE S5 R s B A A& 4-1 FToss

o o
.............. - C )
.................. o— e000000e
esessee, | | Leecee, ewmwe | |  eeeccee,
owsssee | | Jeecee,, e | | geceee,,
wssnse, || Leecee,, oeseg, | | Leecee,,
amee | | qeccee,, onne | ] geccee,,
-y 0990000, e || Jeecee,,
- o o o90%%%,
- -y -y o
start start start start
L] [ ] L ] L]
(@) (b) © (d)

P 4-1 1 J5 KA
CERYISIRFEEE, 1M T BB N R S p W BE, FRE T AR

Fabr—— KRR 2 B RCRAE 2R
_P ]
R=% 4-7)
TRy ERAEIAESE T, B8 M RAE IR REONN, KA BCRFERR

TR EAZRAE 2 S AR VE ) B R AR . 2 R BUEIRRT, RU[ZZXK
FER AR, KE RIS X, SR ERACR TR, ARERL
GRS DE B HUE A, R B BB AS ) S R AR . DU, SN B IE M
BEHLIE & Ar F S AP BENLE], SR A D0 S I b ke 5 2 a] 7
it AP o AL A SRAE () o Bt Jm PSR 158 SR P sl S A 4, A 4R Rp R 3 T )
SIVERT RN, A AR PRSI RCR M R . Wl 4-1(d)ffos, EIT IR
BENLIE R Ar BERERAS T 1 4-2 TP IRAE A . AR, BENLIE R Ar 3L
EIRI, RS A m T sl M, = Ar FEHERVNE, K
B R oA W A N 21

B 4-3 frzw, AT LG A 22 O hs D AR R S SR AR AR, TSR0
PRICAER T e B G R S A5 B OCACRFE Rl AL BARICHT AT I TR LE
Bea AN B i DX 3T JE 28 R A s, T SR b iC W b s 1 62 B el s Tl N A Rk
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FE Rl PR PTG B FRAT T B HE B 17 SR ) A 175 0 DA R I 8 8 £
BOR o BEXSHIIEA ROCRAE R BRI o) 8, @i 5] NS AR BB T L,

255 D BE B LRAE SRS J5 S RAE SR HEAT AL o AL 1) 38 1 ABE 5 A 1 2 R 8] B
ERAFE AT ZIARS S B NAFE, AR ERE R INFER, A 000
PREAT AR DI, KA RCREE R ST 2 0.8 A DV BENLRAESRNG, A XA 7
BEAG, NI SR 22 5Tt 1 R s R A o

®e
(1] o,
"8 o

@ (b) ©

K 4-2 FEFORBENLIAMEE J7%: () Ar=r, (b) Ar=0.5r, (c) Ar=0.25r

P 4-3 b s R 2

(2) e FEHLRAE

XA PRM HIA B AEA R AR R Z 5, RO A R s . — 5 i AR
TR BT AT AR, S — Uy A B AR ROT AR EEAT I r R . g A2
BRI P RS R B ASRE S L], FESSIEY MU A R R AR AR . XA
PR S ALH L SR R AR B R PR R RN, SEB TR AR AL, ol 58T
B SR IE A 08 S T BRAC T BU TUARTE BT . M TR G S B AT T R T V2%,
GEAE R AR LA TERIRTIR T, B3 AR 1 A RIS (i) B AR B2, eIl
S BT S BRI R AR, FETC N H SR AR, AT RE s
LR SRR ST ) B8 A, — Sk in TR SR LI TAE AR R, 53— &M H bR
s A UG 4 R T R AT X, HIX AR A R B AR S5 2R . RIS
AR, XA AR ET BETCIATH AL -

PRI, O 7ok bR e, A ST IR R AE B R AENE : HT 198 R GRS
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sl HARHERE, SR RNA SRy R, 2R RS BN s, 5
2R G Y RS B B AN . ZXn i F L E N Zh A R R T,
BEARVEIE IR AR, R R KR RAR R GE ST K R IN BF RTH ERARI R AR . X
B, BT HRIMEST S, REFREMER.

PRM [tk B35tk 1 B4 Rk . W 4-4 B, WA E Ehs
SAAFERGY). UGN ) E R (). A TIEWER, B R SR
M, TSR RN, A E B L LCREE S mi AT, R
XLE] PRM FEIEJ7 ) FARZRFE m, SRR R N — AR nl. R g A
KAES ars ax a3 Al ago WIRERAE (s,a1) (s,22) (s,a3) Al (s,a0) HFFEH R
PR, R A RO A, IR ORAFERRAR R F, i 4-4(a) . 285,
AT RFER N by bay bs Ml bafIa). [FRE, AERERTE (gbi), (gba), (gbs)
(g,bs) Hip R RIRADIN], LKLY RN BRI Fr, anl&] 4-
40) . SRJE AR A R IR EIT A o1n co e TE(s,c1)) (5,02)s
(s,03) I (s,ca) 552 70 R BR AR SRR . AH LI B ARAPAETERE AR 4R Frpr, W 1E] 4-4(c)
AR, R B F ] ESTT A d, #m PRM 3R HE S A E LU R IH PRM,
X ERAE XA PRM $R8]— > 2 Bk, tiEl 4-4(e) DT,

K 4-4 IERE BRI
(3) = IRFESL 2R i) AR AR

PRM & §g i 1 AR R 2R, Piaifiike, XBARREIETH
AR L, ARSOR M = R SRR AR T iR AR ST, = MR R R
L — R =R E KAy BURE L BT 2. = 0P SR 8 (B 5 0 B N2
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MIER RTINS, (AR &R B INFE, RINORIE 7 B ANER @ RCE, b
T 1 BB RO 1B R IR 25 5] A 0A

EE5[a, ] EAMHAMFEET S, a=xy<x, < <x,=b, MMNF=¥&
FEARRRBLS () o A SR BRI R LR AN 6, WU f (o) PR = IR R 2K il 1 B 2
f QO ESRAAE AT X 8] [Xi—1, -+ Xi](i=1,2,--,n) P E =X 2, wE -

f(xo) = yo, (1) = Ynaa (4-8)
f-(x) = fr(x) =y, i =123,,n, (4-9)
fLO) = i) =y, 0 =123,-,n, (4-10)
L) = fi' () =y i = 1,2,3,,m. (4-11)

M ETRE XKRE, =RZTf(0)F 4ntd DM5E R, FA[a,b] A
n+l NG, BANXEE 4 MEE R Bk, BT 4n+d NEE K ER
E=IRZIA S (x), HN@E-8)TUEHA nt2 MEE KM RIFEEX (4-9),
fOOTERRAE AT AUALEELL N, Andakth. FX@4-10)M@E-11)FRRf () —FF
B T A RSN, FEEFAA 2n. WRIERTSC, N BRI A%
PrIE, 6 4nt2 DMEE AT TR L . R, 5B AL SRR AL B
SIRFEAIEE R AR &R

(D) ERIB I FAT . P A I B E, H:

f(x0) = f"(xn) =0 (4-12)
QLT fTREFE MR E— T A —0r S, B
fo(xo) = A, fu_1(xp) =B (4-13)

QAR L %A F o BB R ARSI =B S 3 N RO A B R
=P =P S HCY R T e R A R, R
fo'' (o) = f"' (x1), fZa (xn—2) = fula (Xn—1) (4-14)
FEHGE PRM A R gt b, ARIEFEALEEAR Y ml AL B AT Fl B 5
. FEASREARRNT SEh o fiffE. AAFRERELT:
(DR o FRATEIEI R — P R — N at ST, SO T A6k
BRI AL RISREEYS il DUSCIF B A X SO0 8 5 A, AR b AR
FARE SRR R AL .
)FBCRFE RL o linspace BRHH] T R BRI &, N RUAR By Mo, 2 [8]
HIRAT R . N RIS A SRR R 2 8] R AR . AEAR SO, SRR R T UR I
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WERN 50, G, KRS HEERN 100 F1 1500 HRAE RS A FEIEE A
ViE 4R, #HiiA PRM SFIEAIXUA PRM Hik 4.

Q)L ETTRE, RUES CORESRAREAR B =X Z I y=f (). =IRZ
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(c) HiE3

5] 4-6 Hu [ 2 = R A SO0 45 S L
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HAEFHBMHR., FR 42T, JE3EsfEga KBS 5% 1T T’
. [FFE, 5500 PRM BUEALL, = UORR S BUR Al & AT T P54 R
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432 U NI EIE
N R BRI R, 5 Jyak KA BLE e ekog| oA T AL, SR

B H AR, EI S SN TR W BB R B e 3]
SRR AR T

1

2 ate(q — qg)z (g—qy)<d

ate (@) =
dKatt(q Qg) attd (CI CIg) >d

Hrb, Ko NI T RER T qiﬂﬂ%&)\ﬁ‘ﬂiﬁ, qg AP RIALE, dAR—
R e, AR OB T

(4-14)

RERZIE] 119
{Katt(Qg -9, (¢9-4q9)<d

Fate (@) = —VUqi(q) = _ q—dg - (4-15)
d Ty ”'(q qg) > d

RGN L H AT, A AsA A S R R/ IME [ R T H 3 1 5 PL
RO BhBer: A2 s bl NIRIE Hbs iy, 51 713l £ %, EEGY)T
TR, SEE S AR B bs s, RE AR A ATIA IS 1 G
YiJx 716 734551 7177 1A 3R 2 HORIE Hbs sy, RGEATRERA AN 51 J1-5 T IR
PeA R AR MERE B o N IRAE BB A 3 R A I AT AT p™ (g, dgoa) -
AL IE I P SR S B W R 035, B ORAUE B s B Se LS R 2P 1A
T, ARCH R R ME S AR A AL ]

(RN A ST 5 135 23 Afin gk

P(q,90bs)  Po
0, P(q, dobs) > Po

HAnNIEE, qgoa N AR E, qops NFRIGYILLE
PR EEE, X ERFER, 220 B Sn=2.
1 )p "(q, 4o 1)

Frep(q) = =VU,¢,(q) —{ v (p(q Gobs)  Po/ P(q, Qons)?

Hr:

1 1
Urep(q) = {zn(— —)?p™ (4, qgoar), P(q, dobs) < Po (4-16)

n 1 _
O gy e P @) D@ <po (47
0, D(q) > po

q — Gobs

L (4-18)
I q — Gobs Il

a; = Vp(q, qops) =
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. 9 — Gobs
Il q — Gobs Il
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/rosout

/rosout_agg
/usb_cam/camera_1info
/usb_cam/image_raw
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