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Abstract

The navigation and positioning technology of Remotely Operated Vehicle (ROV) plays a
vital role in ocean exploration engineering. [t is the basic premise for accurate submarine terrain
survey, deep sea resource exploration, underwater archaeology, biological investigation, and
underwater pipeline monitoring. Although ROV has been widely used in practical engineering,
most of the current underwater navigation and positioning methods have high cost or rely heavily
on external information, which restricts the development of ocean exploration technology in
terms of robustness, stability and accuracy. Therefore, this paper is based on Multi-State
Constraint Kalman Filter (MSCKF) to meet the requirements of ROV underwater navigation and
positioning algorithms with higher performance in ocean exploration engineering. Combining
Inertial Measurement Unit (IMU) with vision sensor, this paper uses image information to
compensate for accumulated errors caused by IMU. Theoretical analysis is conducted from three
aspects: inertial measurement value and image preprocessing, data fusion technology, and pose
correction. The accuracy and robustness of the navigation and positioning algorithm are verified
by data sets and physical tests. The specific rescarch content of this paper is as follows:

(1) The rescarch status and development course of vision/inertial navigation fusion
positioning are elaborated, and the research significance of this paper is emphasized. Then the
sensor model of the system is introduced, the solution process of inertial navigation positioning
is introduced, error sources are analyzed and modeled, and the underwater image enhancement
algorithm is used to optimize visual information and extract image features.

(2) Study the filter-based vision and inertial navigation fusion algorithm MSCKEF, carry out
feature point detection, matching tracking and mismatching elimination in the image processing
part, adopt a tight coupling scheme to fuse image features with IMU data, and derive the theory

and formula of filter-based vision and inertial navigation fusion algorithm in detail. The filter is
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designed based on the motion model and observation model of the system, and the pose solution
including system state prediction, state augmentation and filter observation update is deeply
discussed. Finally, the position and attitude information of the body are obtained.

(3) The accumulated errors in the system motion estimation are corrected according to two
different situations: underwater loop detection and correction when the ROV passes through the
historical position; When the ROV does not pass the historical position, the external loop position
correction is performed using the known marker points. An underwater visual dictionary was
established by the bag of words model to evaluate whether the two images constituted a loop by
similarity calculation, and a loop candidate frame screening strategy was given and the improved
underwater loop recognition was studied by geometric constraints. Finally, the process of mark
point detection was described to correct the body pose.

(4) Through the simulation of KITTI data set, the comparison and analysis with the sliding
window filter (SWF) algorithm are carried out. The simulation results show that the positioning
algorithm studied in this paper has high accuracy and real-time performance, and can detect the
visual loop well. The simulation error is reduced by 23.07%, and the cumulative error of pose
estimation is reduced effectively. An experimental platform was built based on BlueROV open
source software and hardware, and underwater experiments were carried out in indoor water tank
and outdoor pool respectively through experimental scheme design to prove the effectiveness of
the above methods. The final results show that the proposed algorithm can effectively improve
the accuracy of pose estimation.

Key words: Underwater navigation and positioning; Visual inertial navigation fusion; Multi-state

constraint kalman filter; Pose correction
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B8 5 eV 75 oK AW A 2 BRSSPk, Bl b R R T I, Ntk 2
WP NIZ R, W AR A H 25 2N ek Bl B AR LN 3.6 14 T
K, L3RR TR K 71%. F8 BT A TR AV 5006 DL 7= S 28 s e X T el
[ s, 1K H AR BHIR A E EOR, T B A 7z N B AT St A4k (2013—
2022 )R] LA th, PR B2 5t A S E 2 o B N AE 7 BB (GDP) Y 9%, 117 KR
TE IR0 AR ()2, g A 5 P 25 ek T = BRI DA S AR A BRI 2 AL AR AR S E K ]
HH R RS AT, AR IR R % [ S AR AT T A T R I B R

0 P ST IS A U o )R R B AR AR T i R T K RE
RIBHFEAT, RPIEFEASHEL, WY E R, @B rEsRE 7, « R fE
G5, INPREVOREEIRE T R BIFEAT, DRAPIGEEAESIEL, bR v v E
AR R R L Mg SR E R AL T AT AR R I LA R AT ) R R R R
A, WEEREFELT s E KR, RS RY, IR, L
D [ S R 2 22 4

PR RE R, BT K BRI ERYE T, anfK] ILRE mR s, i Nk
FREE B IR SERUK T RS S AN B IR PRI SR IR B L AR O B AR Z T
N, WGFERBERIR R & H 4 AN IR, B RO ae ARk S, XA —ERE ERa T
FEE L) g kDY, K ALEE A (Unmanned Underwater Vehicle, UUV) & IR R R
ez —, TR E NRIAT /K I . ISR 5455 . UUV AT LU 3N
T 45 8 £ 2K T HLES A (Autonomous Underwater Vehicle, AUV)FIF5 45 3% 12 20K FHLEE A
(Remotely Operated Vehicle, ROV). ROV 57K B BR FE 22 St [ 77 f 40 s A 48 gk AT
BEAH, BWAEK T A KK B TAE, FNEA S TR ST iEE0s, Hik
H i ROV M HTEFEAEH Tz B,

£ ROV HHAT/K TARNLI, SHUE M EAR B ORK THLES ARSI 5E . #EmR AT K
RS B RS BORFEFIBOR AT . 7ESRBUK THLEE A B A B Bl bR ka2 b, wrik
— R IR . BRAT IR B A At AT 55, A T A N 4 5 s JE R L 4%
R BEHOBT ROV #EFEER . BT /K NIAE R SRR E M, SHUEMHER I
FHiEZ PR, O T KL A FE AT A A () 3 R pi ) 2 — o FERTi B3R R 47
() GPS (& 5t AZK N IREL J5 2352 2™ 5 I 32 9 T8, Jevkfi F H SR BUERR e . K
B2 L R R R AL G K AL R T B AR VK R 2 B T R SR,
Wi & 5t B2 AE SO e, ANE ST R UK TS, X MRG] 7 HAEK THLEA
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SE AT R R FH 0 B AN S R P, P A AE 7 FR AR A AR s R o DAL,
FK AL N SUE AL HOAR B IR 5 EZ ) TREMMEAE X

PUPE T TR — PG 75 MO A0S BRI B = R ATEOR, R 5 14 I & BT (Inertial
Measurement Unit, IMU)KSZIH AR SHENL. IMU N EEE R 1 05 B 11 FIRE B 4%
RS, BRSNS E IR RIZ S 28, MEAINUARLS, HEMVEFEE. M
PESATEA B EWAPI TSI A, (B — SRR, BT e iR 2= 2 A i R )
HERL B WIAR B, JCVE AT KRN kS B2 () L8 o DRI AE SEBR N H, AR 3 A
B 5 A ST NG SR, DUSTELSE IS B R0 v 58 (1) SAUE AL

Pt AT i BEARAL A 5k ] BB PR 5 1) UG e 31 R Sk kn b SRR B AR A IR HE SR AT A4k
BTG IR EEE BT, AR SR 32 50 o R KSR A% A 34T € 07,
SERLES R HER I T RE 2 RN Z PRI R 2 B2, EM TS | HLas NPUER S Ot
MR 2N SRS DL, 2 S BUCIE PSR TR 0 HE F $E LS 08 AR, AT 5% 1 28 AL kS B2 .

BEE BRI K AT Z N, BRI RS O & Tk 2 2 M B R8T i)
WA SR N T 1R v A TR PR AN AT FE %, 38 23R FH 2 M BN AR B R 2 UG B .
IMU A 55 RS AR T A G5 5, B AR Sl is 2h s B S A AN 1)
THOLT, W Re R A A R e I A 2 s . ML AR AR T DL F B MM RE R, # IMU
S AL AR S, FTCLSCILE M TAL, HAT IR A AT S A AR E R, e
SWARGR ) EFYENGE R . FE TR AL/ 0 S5 BRl G JE B AT EE/N . S
A R, BERE AR Rl AN A BRI SRS B2 )5 AL, SRTIZK T 5 A2 2k PR R 4 X Be SRR AT ok
Helit o SCRR[10TKF Z AR 20 K K /R = 38 2% (Multi-State Constraint Kalman Filter, MSCKF)H)
Mt/ 5 B G JEE R TKT, R Rr B T /K R 35 . {H2 MSCKF fE/K
TN SRR AR AR IR RARERZE, AR LA TE R 2 RN BR, TR S BUEN
SR RBUIIE L. PRIHBIE 7T an e v B 0 ek # rh i) B R 22 HA S bR X

PR3/ 158 T T E SR BEE AE 2 PR BT 25 A1 T SEIL SR FE R e AL 8CR, T LA
HUFL IMU 595 £ B RSCAS ARG, (A I BOR B IR RN T T K TR E 8 278,
X R RS R T, PRI FMICRA | =k B B2 MR 32 2] 77K T s NBF 7T
Iz R BT L 5 00T A A S UE SR I K R s A A v ) R AR R 2
bR HA B R B S OB FH AT 5%, B E BRI AT R R A 5838, 2R EAEAR KT 2
SR Z AR N o

1. 2 EASMAZ IR

1.2.1 ROV REEMEN ARG X RINIK
T AR R AR FHAEPE R A RIFE R, ROV R e AL 8% . SRS AR
T H, ATRAE A SSHE DL SZ (/K R IR rh i 1) TAE, R KREA IME R BdE RS B
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PRAK N 25y SR8 e it 7 B AR R . W RN KA, ROV K FEREIHEAR,
SHUEN AR B ARTG HEAR G 8 KA IA FIK T SAEARICAER
ZHE, K. mA TR SIUEMEARZ ROV EEMA T HZ—. BN ROV K
SHUE N N R T T KRB A AT 7 A OGS PR TAER A

E 4T & ROV IS A 85, i A mT R HE 28 — & ROV J2 1953 4 H & [H At
HI I “Poodle”, JFJE T ROV AR &, & ROV KRS EREZ I i, A 72
RN E RN TR E, ~WRIEERS % EEHEITE 74 ROV KI#T 5. 1960 4F
EEBWFET RS TR EE -GS HE ROV, ¥ Ha4 N “CURV-L, A 1-1 Fr
7No “CURV-I"T 1966 F1EVHHE A G158 868 KUK MR RAL L IIHT 5 7 — M &3, XIRAT3h
=204, o T RGN T K TR HER I Mt

B 1-1 #F ER-F49 5% A A ROV-CURV
Fig.1-1 The World's First Practical ROV-CURV

280 8 4 W K221 Giancarlo Troni 28 A7E JHU-ROV 48 TR E v FBEE4.
T8 LT 22 8 B 3E A (Doppler Velocity Log, DVL)#EAT T A-GAT5%, 58 T IRRCA A4
B2 RS LIS, JHU-ROV S 1-2 s .

B 1-2 JHU-ROV %4 B
Fig.1-2 JHU-ROV Physical Picture

WKL 55 K4 1) Khoa Duy Le S8 ANWCUE 1 —FWi mp Wil &5, 1) F A58 14 00 & 2 e
ARG T VE O, 8 I XS 7R 2 8 V8 R M A8 e B AR e /RT3, H4E AMC
ROV B0 T FH RS R AT, IRk, BE2R8 BT ROV ZEMLE 1
k. 2012 4, Open ROV A A A ) ROV BHLF & R 2.5kg, H HAEERBAEHE 2
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THIERT . DUHAET IR G REARIL S AR R DIEe, #—2HE5) T ROV £ 1K
el g

EEE. wE. EE. HP R H AR, MR IR P RS, X s
e E ERH A R A5 1 ROV 2 B H TR EE L. SHRIF R Va4, MR
PEZANIE. S5EA ROV AL, FRE 7RI — 4 T 728 S AR a4 15], 48
T, 30 A [ 5 T 9 o B 5 6 )t R ST o BRI Rl oy, FRIBIEEH T 2 TRk
AR FHE, N ROV Byt — P K AL bR R TG 28

e 80 FEROL R TEFRF R, WEILET ROV WIWHE 5K, 5ESMEE D
B, RS R E I R L &R R . BRI ROV Do ERFABETEH E 31k
WF7E BT AN LA B A P X AR O 2 . il ZAERIIRZER, 1985 FILRH E sh LA s
iR TRERE S ROV “HAN—57, WK 1-3 fiR. 1% ROV AEMSLE/K N 5¢ i ff B i E
WA

B 1-3 #A—% ROV
Fig.1-3 HR-01 ROV

FEA— TR B B S BRI TR v H RN E SR T, RISl R ) “ i 5
5 ROV T 2014 F5EH 7 4500m ¥ FikEe, ZEHNEE 4500m 2 ROV, WE 1-4 Fis.
“UL” SHFNARGIEE T AEWRS M WEITLLRP A, ST & RGN E
FEAk, B R a6,

B 1-4 “F5” 5 4500 K% ROV
Fig.1-4 "Seahorse" 4500 Meters ROV
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LR R G IR EENTAT T — BRI BE B Inise s v Rl B a4 i
AR SRR RGN, N AE MC-ROV _EFHT /K N S2a, Seub ok Bk i LS A b i
BAFMHNARIRZELAN 0.5°, BURAIRELN 1°. BN MNFKTFHLEE AT A 75
b, REBRZEAF A% RS ROV O FE “mKICI” TH S, SRIhidiT T/K T EE
RrIEE TAE.

B 5 B O R SR AN TR TR SR AW, &Mk N SHUE A E A2 M
T ROV, ROV /& B&M Y, 2EVEENE A FA R 5K ROV £4
MRS RIEGE EEEM . R TR ZNHKIT R, ROV MU ZEHA K A
PRSI ATRE /T, 0 A 8 P2 (LIS T FE S A O B B FE S R S A A2 ROV
ORI —EB 5y, THImE K N IEEE 2% 238 DL Homy ml SEVE L e M 7 SR B X0 Bk
0%, TR SEIURE 1 SRR T — TR BBk 1 (AT 55

1.2. 2 K TNEAERFEA

T B TAKPRIE R, SEEEHAT R TR BN Z SR RS0
TR #4:1'8(Global Navigation Satellite System, GNSS) A& F /K T . KRR HI7K F3RES
25K T U Rk, BT E KT RHUE MRS WIAHERE S BT MK
PIER L. AL K AL LK 2 AT 48 DME S

(1) Ffr = S0

WA HER SRR T 16 832, Cotter BHEA FHLE SN “ N—CRIBIALAR AL
B, MR —BZIR AR O B S AUE R 22, FUAR—ABC A B . i1 B R B A Jak
A, UUV HER S R g P 2 semf il 241 m 45 &, FRH DVL W EN AR R T
R AT IR, b 171 00 3 S8 BE AT L[] 0 e, (3] 5 ESF (1] ] B PR 0T 3 B2 gk AT — AR 73 45 21 UUV
SIS RARARE B o XIS NBR H — FMIRA T A 8GR FS B DVL B 337,
RIFHAER /N FKTHLEEN “HEh—5 7 FRIH BRI S PR,

(2) it ST

TP S0 R G (Inertial Navigation System, INS)HR 4 15 14 & o AR 22385 77 1] BL 4y N
& AMFER . INS R IMU M=K 5 B I B2 AT, s iR i 55 246 &
HYAER, FI RN AT CUE B ERE B SN UE AL, AR BB g AR . IMU 1l
AR GG LI L R R, — AR A R AL L R A IR AN IEZS 2 A1, 3 A A &
AT DA T AT *ME o 15T T DAAEAN S AR FUE(E ) 5 NIRRT B T B M
A5 2, B S8 M BRI AN B 32 14 PR AR s o (LI 2k S L 1) A7 15 22 I P 1] — v g 18 m
PP TR Ol e, AN e tlkm, B 5 IMU — n] ARFER A B fa], 1
YA AR B 1) IMU 7EAF FH — B 8] )5 23 IR 25 R B0 Im A I 5% o DAL B 1k S AT AN 75 22
At PIaahr E, HiRZE Bk 2 fusiig oK. K T AT — B[R] 5 R 2 bR B R 2, B
N HREEAE K T AR RO B, A B ADKI 2 ERR T RSN BB SFAET
FEIERZE, UUV g ZiF KT, AFIT UUV PFK R BRECEL, hesiE mish 714
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%o PN T UUV BB S0 2 5 HARK T SHUR & A A8 2,

(3) HuBRYPEE T

YV BR A P T LA Dt R [ E YB B I R AR, B RN R RARRZE L Bt
s H IR . H A I UCAC S B RE TR S AN I DT RC S 2, @ A
BV B SR o MU IR T 7 S AR I e SR B AR 0 AR S, B UUV
WUAT B PR BARHE AT 766, UUV J8 I #5800 A% B A WS AT Ut ) [ ) ) 3845
B 5 UHENAAEE SEATILES, 7T RASE 3R B G BB IER 2 0 RiR 2, LK
TS EN .

(4) IKFENL

K75 S N 28 8 FH N2 2% A I R O B A R, B e I N P U PRI A A Ao 22 AN [R) 22
Kt BAR AT R E AL . AR FE KRR E AL R G0 3 2K, R E 4 (Ultra
Short Base Line, USBL)E A R Gt 5L 5 B TR, AIHFE S ZERE His AR, H
SRR TR E S . RGERRE G, HAEMERE, ST/ NGRS E . SR H PR T
A0t BN EERS BE S LAM R & RS FE B VIAEOC, T HL R Gt 2228 56 il i 75 LR AT HE EI’J
REHERS, K FEZE(Lone Base Line, LBL) B A 1@ Ak %, (HH e EE A AR, &8
WA T EREE R R L. 3L 2k (Short Base Line, SBL) & 4t 3 i [B] #E#H 10 K, ﬂ%%ﬁ\
T USBL 5 LBL ZIf], {H% % )5 F AT PAg A HE A ORAE IR 1 . B Al 50 AR, H
HPXT KR ERLEAR BT Cad 60 20, HR HER, 2R AR WJEE Sonardyne U H
4 BERYT LBL 7= 5 40 Compatt6 F1 Fusion6G F# 51291, [T E MK LSS 1, S5kik
K 7K e N BOR Z2 B8R C R 3 4/ o LA, AL IR Pl is He {5 B A R A A1 28 A
AV HBHEH T 40 iTrack RYKIELE /KA E AL e (HH T I B R EEAR, KHEE
B R G0 75 AT R B Bl AE AR BOK A R b, X BRI T HAE 2 AT S AT R AT 2%
H RN o

(5) SLAM EAfL

AR T-7K 75 8 A 5 2% AT B AR, R0 e ir 5 i ] A1) 22 B0 1) (Simultaneous Localization
and Mapping, SLAM)HIFHLARFE 25 B AR B P il BS54 B2 S e 7 ) 22 J) BRI A 58 (1)
B FEVEMUK TR, AMNRE R IEVER, H & AT RS AT BRI 7 HE e BRI 7 H) 2
A s T AETE ORI, S5k M Be 4 A B8 0 1R =5 B AE B« B A BRI IR 22,
FENLLAIL S L & 0 P R RE IR R R, D SEIN AR PR MG B SR 4L 1 9o RS . 1
R e AL B AR G Az O, A0 B RE T (Visual Odometer, VO & 55 2 R E I M. VO
REGEHFH . XHE M RGB ALK M) B R R FE R SR A BNE A . &t
ERRANRZR, BHNIMT VO B R O R TR E IR A, g 7 —&5%
B H B RGFERTT R . VO FARBRAAAIAE HA BARK A b, 1 HL T4
MLEIAFAE, RMELEBA GPS 5 5 FIE O T R EeHEM il v A4 . th4h, 5 IMU &5 AH L,
VO WA W R FEZ R, XWEF VO HIRKIARKR K2R 1T 2 KRiE. TfEk, fE
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EEBANH AT VO KGRI, SLAM 5 VO Z [A]f#1 73 FL 2 A8 15k SO B 1 . SLAM
RGN B AR R Eh % % E IR EEs RO B, I Serf Mk S UATE 2 ] F
W BAIEZ, 1 VO RGNTE L oE it ENUAE & s shfett, maEh B .

(6) ZMiAT 5 P[RS

B VG KT B ARERI . 4207 00 PR B B SR PRI T MR R AN BT IR
NS 54, B UUV M DU R E R S TS, k2 UUV Y ESHUER RS
Mz . 2 UUV hESIZHT AUV, £ AUV UMER— N EARZ MR B A el
A REUEA AUV P ERIALE T BEFREE L RIS HENER, £ AUV
P [F) T 0 8 L R G o SN 2 A AT S RS EE TS, KR 2 AN
TR SR E L, BElE B EE RIS . AUV £E SUR 2 A7 7 T RS B 2334, bR S
TENL R GE IR 38R A 2 I B[R] 5 A e o SR SR B

b SHTS ERMEMARHET, B—R MR SRR LT R, Fik Uuv S

o, BN VAR 2 30 HOERP R T S F USRI — P2 Fh . X —Z8E R
Mg B A ERS P I SRR, AR IE INS [ BRURZE, FINH{E UUV =
Rt e A 3k
1.2.3 M 5RSEIMEMRIK

FEMRZ UL INS NEMIK FHEFHEMEAS, W5 5T RHE 77 AUA T 2R
T At ] AN v AR SRR A AR A BT Y, I AR [ N A R ST R T
LI LEME SALGAE S RE I A BRI T, AR AN [R) 15 o A 3 5 3 T Kl 4y 9
REFIG: — S KT IEP I SRS X X A B A T8 A, 9 — R R b
RRHES IMU FIR AL B8 s « FEFE TR 7329, $5SR F R /R 2 983 TMU U
EEBATRESFEHN, HF AN EBGE EXPRES R E TR . RGURES 2@ s HES
I, HurH 2 PPIRSE R 50— 216 5%, R ar—i ZI50% 2 W S R 20 2450 %),
B S R RN . T IR 5 i A H S 2 RAT 2 BT AT I 2 PR A, FE
AN AR S AR R 2 R E R R 2 A R E N AR & A, R R TR
HURAS I S DL« IR P 5 1 (R R A FE R M I AL SR A R T B B K, SER AR 22

BE T JE WAL /5 T 4 A 3R G B Rl G SRR S R 2 R R 298 K (Kalman
Filter, KF) 2 2Ly J@ 53 . 5 M EKF-SLAM SRR IE i B I BPR S &, fE—
S RN s T BCR LU, TR 8 2% I s SR I )P 58 AR AIE i B B 0, IR )
P AERt 2 SodsE N . 1% EKF-SLAM 4E50R 2 1M S 80 HE ER K H 3, Mourikis 55
ANF& T MSCKF BB, R FRHAIE i 8] (%) ¢ SRS AR AT I UGN I R, fETE 3 &
FT PR AN RS IR &, IHAENIARS B THE AR bR, RS =1
YEFE R KN, THERCRA R . 2013 4, ZEHIBH%E ABSIYE MSCKF J7 vk (1) 35 it
77— DR, e kAR T 3l I A e B SRR U i R A TE A — SO )
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FilE . MSCKF fE7K PSRRI L IR, HHMEE M HMAR) S-MSCKF HikP7,
2020 4, 5 ERFBNBEIFYE 7 —Fh3E T MSCKF HEZE[) Open VINS £k, ZHE AN Y
FRAE L ML N S Ebr g, RN T SLAM s EThhE, i B B4 Tt 1 B Ak
& B TZSE LA, SSF Bk T BKF [ ZE FMEAE G 22 /ML a8 47 £ A 09
MSF-EKF S s fsh 5 2 iR 2 MA BHR Z RS R @ LR Ziesh A, #Hid
AT DAL R G R FCE AN (R S 2R A% B g LA AE B ) A Bl 4 6 I BB 0T, ROVIO(Robust
Visual Inertial Odometry)* VB0 bR A7 B Ah TH R 0 o 6 i EAEE B, DAE B3 T AT
Uit AL PR R G AIIEAIRA TR, Flid IEKFU SR S & 78— . 1% 500 [F) I S 7
FEFERITH R, X TSR AT 1 s A IS BRI 2R R TR S &tk

B TR TIR SRR IR T, B TR 7 RSk P K R . VINS-MONOM3 44!
FRK R BRGNS IMU RS TRVE, JEEX IMU PR 4385 AR B O 47 4k 2%
PEMR AL, BT T IR S A T HE O MERT S o 12505 T IR E S50 FF HAS BIERRI
AR IENRE, AT ARG S AR AF A B R P, R — AT S BB R 48 7 4b
AT DL 2 AL B Rl A, SRR TR . ICE-BAWAOIST e —fh o Bk, — ik
HA MR WE B, HAEFSEHOEERER E#AT 7R K BA(Bundle
Adjustment)* M4k, FEAEFTA CEENT ERET AT AR BA Ak, BRNE S HARALAY AL
2 R0 8 B ) 1 P R o MaplabUS VSR T A0 HE O & 9 ML/ 10 2 A BROLAL
WG, ZgEEER LR, & M7 /55 SLAM HE4E.

Ty AR B b S ) A B AT DU — 25 R o AR A DO IR SRR A P Rl IR & R G0d
DS IMU 23 BUXS A AL AT ML Ak TF, SR 5 R N 22 45 SR SR T —
EFEEE RS, I a3 IR IG AT A5 2531, 3y A K 9 A1 1B £ 4 v 21 [
—IREREN, REKRREREBONM, G & H P —AME IS B, H&
SR SRR B — AT, BRI R DAPR R A AR AR AT 5 B, B — T 55
T IR G RO AL TGS R A = . ERRA I ES, BB E SR IMU Il
SR AT R GRS T AL AL BAEES, BRSNS B AL A h 25 A FE TR iy, (RN
H8 0T HE A R AR

1.3 AT REETE

BT SR FHEH ROV KT FHUEN RGSMABREIR A 1-5 Pras. REHTmA
IMU &S AAHHLE RS . Hodt IMU 1% 5 gs H T 3RO UAR O Ar B S5 2, b
S AT UG I B R P R AIE 5, JEA DX SRR AR ROR G TN U RIIZ 315 B . O 13X
P S AT RS, [ 7 2T MSCKF SANEZR A AL 22 fift 057 SRAG TR AU Ar BN 545
Bo FEXKI IS i o) R iR ZEIAT A RB 1L, fe)a R K



1 %t

15PN T B ERA IMUTAR 73
EREE ) WMEELE — R
FEAL KT B o RFAIE ri AL 2
AN J/

B 1-5 FAEKRER
Fig.1-5 Overall Block Diagram of the System

W EEN LT

BRI, EEME T AR TR R EENE, B ROV K MR K
NUINEL RIS T SHUELLAE ROV RGP OAER], BUARCHETK T SHUE L R 5t
IR eSS . RN VEAIEIE 7 AL 5 03 AL SR 1 535 035 S A SRR B A Y
WEANE . N RBEE 1 SR T Rl E A R T FUIRBOAN P SR R, R T H
HI MSCKF f)15 2 il & 7592 R HAFAE R BRI, 51 1 AT AL A2 IR 3R e A SE R L A
Mo B, ARSI TN BT 1R R BEE .

PR EH AL T RGAAR R ROV IS B A, W3S 0E AL (AR S AR AT N 4
I IRZEARIFREAT 73 S AR, AT 51 S AL R o (0 0 B2 o 43R RO AR BIL AR S R
17 TR, TN BRSO G 2 i3 S 25 DA 2 S S0 MR s B R B, i BALE
PR IE AL BE 2 BT 75 BEAT 7K T BRI o

W=, S IUTE B RG FEP . AR X MSCKF BOEE TR 7T, KA
EME T R E BRI S IMU SR TR G, VERES TR TR ST SR G
FOEMHEAR A A, RIEAIEME T R AR RNV B 5EE, JFEdfiHS SWF &
AT TR T

H0E, HEFHUEMRERAZABIETTED T S-KIN I8 877 AR 1 Rt iR 2 ik
BB, £ ROV AL LA ERITEOL R, A SRR S AT IR B I X
T ROV &id i S B IEOL, WBEAT /KT REAMa I S E2IE . a8 I s R RnIE 721k
JHER A AT

R R RE TR B MR KoK N SER AT . EETEMAN4 T ROV SEk-T
BIAR, Bt 7K BRK T S RSP GRHT T 200K TS, FExtseis B AT
THBUR I, DU e ] SR 458 .

BN, HARE. B4 L ROV K NG SHUE N RGP TAE, e
B AR R Bt i T 1A o
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2 ROVEMENM ARG RV RS IRBE T SiRE T

N T BB IRZ AL ROV SEFR s R IF EAKALSH A5 B ks BOK T SiE 0753
AL E BTG S BT I P AUERER, DR — [ S AT VA R ML 1) 3 MR St
AERAE S me ST AT FEVESE 2 AN T5 T HORRiE, S5 S0 SRR ST A & SHUE
A RGERENS SR LT AN, ROYSEHL ROV Ry Al SEMEAN s ML RE LI — 26 AR08 1% . ROV MLIE
M E T UE AL R G AT S AR G TR IMU PR R RS EE 1R 5, SE G 0
ARHLA) KN EHRAE BTG 3 & B 2 AT BUC R R . 256 ROV K~ SFUEAL A TAE
oK, A F AR PR SRR B SR B AT 5, 1 S0 P A%l B AR LA R % 2
17 TR, JE H AL T HR R ZRRY, X OYHE T R G SHUE AL R G AR IRE L
PERLE BLE 1A

2.1 ROV ¥R R 5EshFRBIAEL

AT EA R ROV 76K FZahAt & AR 15, BRI
FES, HE MBS ROV BB HANG RS T OB bR Rk & HiHiid ROV
TR ekt BN S  AGE BB (EBUABR, BUHI R T W0 2-1 FPRIUA R 4
Rl Ak 7 (G) Ak HT 7 (O} JEFBIME , LU AL MRS 4 19 B 50Kk i34 ROV
GRS, PR R A T

A 2-1 ROV £4F R & A
Fig.2-1 ROV Coordinate System Diagram

SEAKR 2R G —End WRRRIAR SR 28, — MK i i ] 22 A2 BERT BRI 35 o B Ak
G& Hilifg 1A 1EdL, GrBifER— PR FIEA, G MLy F g 5 ] .

ENAARR 2R O—xyz » SURRHUIRARKR &, R EAHEILAE ROV A4K B, BE5 ROV [ig
NORFFFEIL . PR RIE RS ROV KEOHE S, Hr, Ox itk ROV HIFE RN
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HIEEJTFD),  OY #ifd 1A ROV WA MZ(ENA M5 1), 10 Oz S ELF T, $51H ROV K

pmaa

okk

ROV 757K HBFAR 075 H H FE RIAAIZ 2049 B 94 xyz S ANB L HEAT F RS RO s, i
ANFESIT A B SORTHE . BRE. 0. B ARG, ROV EHNIIEE SR
FELAAL R R AR T RINE A (¢, 0, ) Tk, B0 B BHPHHIAALR RE SO EE R L
(AR (x, y,2) Fm. A . T 0« IR v 4 BIFR ROV 46 Ox . OY #i
Oz HEERL M fARE, ¢ FIABUNIET I, O FEBONIET A, w AR NIETH. ROV HL
R LR T AR 2 LR v, B3 DA v, 5630 . 7ENLIE AR B, Rt 1
BT LA 9N . B DA B T PO RS B, FEm o (u,v, W) s AR FRI R T LA 53
6. UL R ARATLAR R, 7T LU R (p, g, 1)« IELL_ESE U35 ROV BZ 250
AR, M REE I RR R =[u v W, s EFE R, =[p q T
frEmEE s =X y 20", BEmERFENg, =[p 0 w] . %21 FIH T A

i I HIAT 5 B g 3
% 2-1 ROV #5538 %
Tab.2-1 ROV Physical Symbol Description Table

H 12877 20 T PR A T IA=R Iy
1 Ak u X
2 EES v y
3 UL W z
4 TR p ¢
5 A q 0
6 fic r v

BRI AR RAE AR R Z A FE R &, U SEHERf LA ROV 1z alIR
o APURARR R IR 5O HAAR KR R IR AL G AR, 220d =Ikiieds, KHARSR Rt
RE SRR RTE X5, =0k n s B 2-2 fios.

O \é /X yl
7 0 0 > 0

WV

Y1 n \5’ Z ’

(a) % —kakts (b) % = kaks (c) % = kankt
B 2-2 W KHAARFE AR LIRR =R T
Fig.2-2 Three Rotations from the Earth Frame to the Body Frame
kG og Mile mi Ay . O > 0x . On—O0y,, JekHrEA:
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cosy siny O
C,(v)=|-siny cosy 0

2-1)
0 0 1
9 ke Oy, et o Ox, > O0x. O — Oz, JefLmrEN:
cosd 0 -sind
me:{o 1 o} (2-2)
sind 0 cosé
RGO e iR M g: Oy, >0y, Oz, -0z, FeFHHFER:
1 0 0
C,(¢)= cos¢ sing (2-3)
0 -sing cos¢g

B =AM AR, RT3 2050 R 5 E R I, , S I RR A 468 ROV
AR T 5B B R R
X u
g
z w

cos@dcosy —cosgsiny +singsindcosy  singsiny +cosg@sin & cosy
cosdsiny  CoS@Ccosy +singsingsiny  —singcosy +cosgsinsiny
—sind singcosé cos¢cosé

ER R, EILIRNIRFUKELA (9, 0,y ) RIS AEE (p, g, r) LR &
SEhAAR R Z AR, 7T BAHE T DL TR B A sURRRIR e AN Z 1R 1 5C & -
$=p+q(singtan)+r(cosgtang)

6 =q(cosg)+r(—sing) (2-5)
w =q(sing/cos@)+r(cosg/coso)

il FH IR f 3R ROV MR 5 248/ 1A R RN -

¢ p
01=J3,|q

v r

‘Jl = Clczcs =

(2-6)

A

J,=|0 COS ¢ —-sing

0 sing/cos@ cosg¢/cosd

r singtan @ cos¢tan0]

13
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LIy 3y PIANFERE AT ASEIUA LR AR AR RN AR AR A 8] P AR B, S5
HQ2-HH(2-6), BEWFEHIHIL ROV KBz fe:

/) _ Ji Oy ||V _

e 5L o

N IS R, RE AR IR R HE TN ROV (12 BB RS 283, A
11779 ROV )3 A2 1l 472 1k 22 50 F 2L 15 5 S HF o

2.2 RMEFMARSIRIE

WU TR SRR BRI & o fF IMU (14238 0716 0] DRI R F & ORI R X A
FE2RA], T &S £ i (Platform Inertial Navigation System, PINS)¥; IMU Jit & 7€ ) fa
B 6 AR RAE BRI E WA RE SIS H, A2 T b R0 AR, AR
B8 RGKEE R, AR AR RN E AR, TSR ZE, AR THER BN
ikt BAEH, JFHAEEAR. #EBE S R4 (Strapdown Inertial Navigation System,
SINS{ENLIE b 22%E IMU, &5 7 BN RS, HARHBAETHRREE. AL &
T, (BB IAE TR 1) S B R AALFR 3 R R EHE, 75 28I R4 5% 58
AR R R TR SEAS BN U B A B &, LSO ks P 10 S e 7

AR SINS 7EM AR AT R R & T PINS, {H Bl & 1 AR D FI3ig 52 3,
SINS L AZET I . ACKHA SINS SEHL ROV SiEAL, SINS % LA a3 IMU
FAH S5 B . IMU i I P PR I el B2 vk AR RS20 7 = ) = A TEAZ il el 1
I IREE, HRZHIF NN ELER —BIRR {1}, RFEHEEN IMU 3
B AT R E AR 2R S E R, RAnfEunE 2-3 k.

BROCHIE | BN . 0k
MR o BE
, | |
ikt et —— LA | EBE s B e bR

B 2-3 SINS i H RAZ4EE
Fig.2-3 Flowchart of SINS Solution

2.2.1SINS EEME

SINS ek B RRAS i L 1R A FE T R G A3 B AT B Whr VR AR AE A7 S M )t
PIERIE , 7R RN 2 B T m 807 B R 05Y; M RZNES R RNEITHET K,
ELREN AR 7 7 RE AT SRAB S RGeS BT HA 7%, DU oc 8okt BE R
R vy, PR R Oy BTN H ) 2 RS KR Tk —, EZ N T INS
SR THEH
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WG58 /KW 1843 4 B SR H DU el s, A DY e R =2 a) b =4 A b 2% 19 e
B3, U TCH 5E SO

q=0y+q=0, +0i+0,j+0;K (2-8)
R, BRI . . K PS5 A A ARKR £ o =AMl A B B e B AR R, DO TR
TEIX =AM ) b 349 ) 3 RSB g, o Qo VU TTE S 4y, q NRE.

(BB A T LA BT I ] AR E AN AR, ﬁ*lﬂlmiﬁmﬁﬁﬁimfrm\ SREAR RS 2 {1} A
XTI 225 2 (G A2 BN, AT LOE S v 522 1 RO PR 45 2 AR A = B ik H 5 2 AR B2 DY
TOEU P H . ARYE DY e U AT HE 315 3

26 (8) = lim = ( 4G (t+At) aa»=%9@%)5u0=2{Lw?Jt?}.()(zm

At—0 At -,
A
wm————{l}%%EP%%E%E@fﬁﬁEE%WME%ﬁi, aklz[a& , ag]T:
0 -0, o
| @, x | —— o, RN, |o,x]|=| 0, 0 -o|.
-0, o 0

K EERVE, ARYE AR I T 0, AR B8 2 AR SR MU o4

t+At—( pa;mql ( |J'Q(0)m)je'ﬁ(t) ] >107

(2-10)
( (o )jga(t) 0] <10°
G VYo q RFATE BRI, NI 2 T AR
Op +0f +0p +05 =1 (2-11)
B2 T B — ERRZE, FrRAETHRN 2600 @ #4713 — AL AL BE:
g = Jot i+ )+ Gk (2-12)
V& + 0+

BT FEBGE RN KR, B EERE R, BUE {1} KRB S q F T 215 {G}
R, BOHiEMR . Ry AR =xi+Yy,J+2,K. Ry =X1+Ys]+2K.
IR U TR R, ATES 2
Re =qR,T" (2-13)
A E g s e q Ao B R BB
e Ry AT R 73 VU Se B0 1 (b AT s -
{ R =0+xi+yj+zk

2-14
Rs =0+ x;1+Ys]+2:K (-14)
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B (2-8)F1(2-14) R K (2-13)15:
Xl + Yo i+ 2ok = (0o +Gyi +0, j + K ) (X i+, j+2,k) (0 — i —0, ] —q,k)  (2-15)
MR VU e it 20 (2-15) T B T I 5 A RE R TR XA

Xs X
Yo |=CF| Y, (2-16)
ZG ZI

L DY e B R BRI P ] BRSO

qg +q12 _q22 _q32 2(Q1q2 _qoqs) 2(q1q3 +qoq2)
C’=| 2(q0,+G%) G -0 +0; —0  2(0,05— ) (2-17)
2(00,—G8,)  2(0,05+0G0) G —0F —0; +05

FERRAERE CP A1 2.1 W HSRIB AR RE I B X RoC R, MINUARLZS M i~ =t
(N F

0o —0 —Gp + s
0 =arcsin[ 2(q,0, - 0,0,) | (2-18)

%%%+%%)}
O +0; —0; -5

¢:mam{2mﬂﬁﬂﬂﬁ}

w = arctan {

2.2.2SINS i BFIRERE
K VU B B e ks 2 25325 (Runge-Kutta Methods)X} SINS ()3 B FIA7 B A5 FEAT 164,
AR HE R T

=C¢(t)a, +9
v eh

8 —— {1} RPRRHIEENEN, a,=[a, a, a ]T ;
g——EMEER, g=[0 0 98] .
X I 258 B AR SRR T

oa+Ao=w0+%(mfzmﬁ2mﬁ«M) (2-20)
X — I ZiAr B B AR T RS AR R

p(t+At)= b(t)+%(kpl+2kp2+2kp3+kp4) (2-21)

o JEE RS, B TN 2 X ) 45 TS A B R Kk 20 A

16



2 ROV FM A2 R B R BEAE T 52 2 57

(2-22)

2 (2-23)

2. 3 IRMEFARE D

2.3. 1 IRMESMEMBE

M IMU A% 2625 3R BRI 5 A0 A T R8s J . AR BL B SINS A2t R 3 AT 45
PSS E AT, HUERYIEEALE (0, 0, 0). Z25M(0, 0, 0), 14 15.7999s i85 2 )&
SINS fRHAS B2 55 AL B N(63.4569m, 11.4794m, -0.9993m). 275 °4(0.0099°, -0.0137°, -
0.2098°), SEZBRAL HALE N(61.5846m, 9.0336m, -0.5768m). %25 4(0.0076°, 0.0038°, -
0.2271°). I 2-4 s, 200042 SINS fREAT 2R, S il 22 J S
=4YEiz ). SINS REEISHHEM B REWME 2-5 i, E TSN ITRGEE
(Average Root Mean Square Error, ARMSE) 4 0.965215m, £ &4t 11 '] ARMSE 4 0.020822° ,
AN B =N AR ZE BN 3.109005m, & ESAE =D J7 F IR ZE BTN
0.024738° .

---- SINS
Ground Truth
S T o
< -
- 20
T - e 15
20 T >
— - //./ 10
40 T <
— 5
x (m) 60 0 y (m)

B 2-4 SINS fif H #hidk b A 5% Hid 3 b
Fig.2-4 Comparison of SINS Calculated Trajectory with Real Trajectory
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0 : L . . -0.01
1 4 1
3

0.01

. . . . T T T T T T
001} ]
5 <
- . |
e

. . . . . . .
0 2 4 6 8 10 12 14 1

T T T T T T T

(a) XYz =7 wepfe B AEitik £ (b) g0y =75 @ KSR E
A 2-5 SINS #8975 a b Az LIk £
Fig.2-5 Six Degrees of Freedom Error of Pose Computed by SINS

DAL MBS R T ULE H, 5 R SALEAR LB S AL AG T 45 RAPE R 2, G
A TE) 3G 0 SR AR 22 ORI K, 5 30T e AL 45 SR B AT SR I KRB, X —20 300 T F)
FARL LA AT AMEAS IE I B0 o B2 R R M R 2R IR AT i A, A S &
PLSE A5 SRl 29 5E BL it o
2.3.2 INUMZEIRES

N TR T RERE B U SRAF WU LE 23 () PN L Al T, 2 R 2 45 R U S A ool A £
SRR B X EE BACE BT T ENUR RIS SRS, 1R8N G B i
AR B e PR AL AR . IMU ARIRES, AP R & TR, A5 & 5 &
R, H 3 A EERII IR 3 AR A R, XA R TAE, A3 IMU R
S AR HE A R A R 25 18] PR PR o T B R R P A . IMUU EATL B P AN SR U T 3R
DL, BN RIS AR e RN — LB E B X E R RERIE T2 ME R, H
g R DL i R, X LR SR I A, SRR AR . HhAh
FRIRARA B AEAE R A 2 RO 2 R DR 3 (AR B AR AL . HUR B0 &) im0 7 25 - R
S5 NAR 22 M 5 M0 100 52 45 TR (0 v s

TX R 22 A Rl 0 A5 R G A TR BEAA AN T 2RI RE IR o FEX 23S RS+ 1
TSI, PIRES il Th 25 5 SERRE 2 A BL B IR B . PRI 7 IMU i A Y
WA TE 43 5 FEIR MR ZE DR 2 o I SR EUE 2 1 VR R AT Re sk /N iR 22, B I O v
PR T S o IXFE A BB TE HERA H SRAT WA LE 2 (B N AL Ak T, 9 iE SR 10 7 b A0 e Sk 4
BB DRI EE . THAZE IMU & 505 R A7 TR I e MR ZE AR 22, e
B,

(1) HiEMERZE

HADRE T, IMU AME/ERA 0 I, &gt BN ZN 0. MiESLhaER s, BTt
AR, BIAEFE IMU bRy, oA —NMatb, XRFEMENIRE, WK
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Ffio i EE W ARG R ARSREAGT, KNSR, AL, W
B SHR I ARSI 6 (1), B
b(t)=¢,(t) (2-24)
(2) BEFLIRZE
IMU 14 I8 2543 21 i K 227 — /N Z0 18 ELAST-BRIG 07 (e il e (t) o Bt
T IMU REERER R B HK, DI FR B30 w07 3 R thadt AT B BRI A 213
iRz 5B EORE R RIEI, WIS R T MRS B b = T SR R bR . BN,
WS AR I AR R, ROR BB RS . B N #A AR  0 A,
E(N;)=E(N)=0, JrZVar(N,)=Var(N)=c’. Zi=ji, Cov(N,,N;)=0. tT5

1 7= R AR 2

[le(r)dr=aty N, (2-25)

i=1

A n O AR SR B REA S, ALY IMU A% AR R I 1]
i Rt 24 5K

E(aX +bY)=aE(X)+bE(Y) (2-26)
Var (aX +bY ) =a*Var (X )+b*Var(Y)+2abCov(X,Y) (2-27)

Repafib ZHE, X MY ZEEHAER, AT H:
E(J:g(r)dr)zAth(N):O (2-28)
Var( j;g(r)df) —(At)’ -n-Var(N)=At-t- o (2-29)

FESFFAEE N o, (1) =oAL o MIt=IS B, o, AN ELAIRORRE LS . A7 BMR 2
B BT 0 2 T2 T 7 4 SRl LR B VAT

o= \/ﬁ (2-30)

N RN i L RE I [R] AL R R AT 2 8, e s 2l — AR R (IR B T BE WL
ERE. M BT AHESE R, MRS BT RO HEE S TIELL TS O R 4 RER A Jat . AT
17, BEARRIARHEZANE R BTN R ELL N, A2 B A 8 SEPrih 5B I B R
BUE, EBEBUENL NIEZRLLAL, BT LARZR R MR 45 3 o, B B R (B BE DL
& oy TR LA Jat . B EW BRI EARHEZ TR -

Cb
0, = = At = 0, VAt 2-31
b [ t b ( )

(3) IMU | A5 A
FEAH I ) e 7 2 FE R L X IMU #EAT S EUL AR, IMU B AR a] |y :03R s
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o, (t)=o(t)+b (t)+5,(t)
{am (t)=CP(t)(a(t)-g)+b,(t)+&,(t) (2-32)

b b, IE R T 22, b, AREIR UM, &, NI EMEFS, &, AFEIRIX A .

FESLUFI) IMU U EAR AR Rl Sk, — FRom e s 3o [ 5 i L PO A R PR R 22
BEATAME, TTRE R SIS AT AR A AL BB AL 1R 22 0B R AR 2R 1, A AS B sk v A
AL A IEEREAT LA T

2. 4 1ENLE IR S ERTAL TR

2.4.1 AR GIREY

FEALSE BB AT, A AT B AT DU 0 F AR 2 5 R AL —4EHERE, BB R T
Xt A B AN ERAAT B o AR AAE =225 18] o AR UL 2 R AAAR 5, M T A BR 2R 2 T8
A ok 2 n] DATH SR S 12 AR b sl AR AR LT T _E AR R B0 . AT FLANL A BER AR 32 2
T NUBAR R B, a2l 7 1 NLBGHAEARIL I BAZTTh_E TR R R R0, S
TNUSR R, o UL B LB, il 2-6 Fow .

B 2-6 AR IGAEA
Fig.2-6 Camera Imaging Model

=Y A A TE EE s ALy e R, E N ZGERSAR i B AR )
AEbrEe e RE T, W R BT S ARAL. BB UL IR AR . CONHINLAR bR &R R ARAL
ftts, C AL THE AR T ot CCONMNLED G, SRBNIHIAEEE f O C BIUE
ST HIEE B o AR ) o — iU P AERINL L RIARAR N (X, y, 2) S R AR T T P FR A AR
N(X,Y') o MIEEBEE KRR, NMLITERYIEREE . v 7 ETEM, KRG —
bE X Bkt SR SR AL AT T, K 2 T o 1) s A S AR B, BT[] 34, IR RT LA 2% 2 O
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Fig.2-7 Pixel Plane and Imaging Plane
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u u X,,
z|v|=K[r 1, 1 t] Bg” =K[r, r, t]y, (2-39)
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2. 4.3 KT EKRIE=E

H /K T IEE RGBS, 5 BERAR LA 5 1% 2 8 SR 30t A v R SR
PASIAR B B BE R R K T BUR AT R AE SPR RO ANE, 0 2R 5 A R KR
TEAL DL E AL R G 75 EEIG 0K T BRI E R, A7t BB s BE ki AT KR
(5 B TACHE . B 5 E 74k (Histogram Equalization, HE)H.yASE T4 R G iH{E BiEAT
K53 i, 1l B8 o0 i BB R IR AR, K MR B BT AT 2 50 00 A, AT T
BRI LR . 4K HE Hik 2 FEUEMG I bl B2 Ik B 3 s AT 7S TROR B In) 2, 88 5
/W T X 3l S T B IO B B 2 R AIE o PR 10T LGB 151 38 B B B33 1 4 (CLAHE) PRhg A
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TR THEUE R LU o BAREHE LT LA PR RSN XIRNBRERE N KE BT’ R
B BTSN G R AR A R #(Cumulative Distribution Function, CDF); #R#& CDF # H
S BCARER AR EEAE, LASEILE 7 R A0 s AR 23 P PR AR 2 A B8 3 B rhonsd 7 IX 3k 5
BlE. WFKRER, BERMEDAN 0-255, N NEERMENX T SAEL WG RE N X K A
5 AR A

y(x)= zssﬁ% (247)
i=0
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i, K BT EAERE T A AT AT, %o T8 AR R AL 10 50 43 B BT 350 20 o A AE A K B
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CLAHE 5 B & B an & 2-8 s o 1 i B2 U I{E , CLAHE 293 1 Jm #0065 b B2 1 1 o
TRFE, BeWEsSIlZE AL R AR, TR IR 1 MG o a4ty s
Ha (i) HL (1)

U/r777 7T
(a) CLAHE 4323749 1 77 B (b) CLAHE 432569 A7 A

K 2-8 CLAHE BT &R
Fig.2-8 Schematic Diagram of CLAHE's Principle
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Fig.2-9 Interpolation Diagram
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DAL 58 8 K] CLAHE SRR, /KT B s e 3 LA — @R iR T . KN &
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(a) ¥ AT A% (b) ¥#3% )6 BA%
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B 2-10 KT B8 5% 7T /G 2 bk

Fig.2-10 Underwater Image Enhancement before and after Comparison

25



G2 TR LALLM+ A 4518

W EERTBUE W, KT BGBRIRE AR =, FEREAT /KN BRI 58 2 AT, PSR KA
e SBCEATAE AR A PR o SRS N FRAL BT, RMRIE I B 35 3y, AT RS n
TRAIE S SR AR . XN R AL LA SR BUN [BI A A SR At 1 BB, W LR THK
N EAUER RGEIPERE .

2.5 KB

REESEN T =R AR RGN ROV 183 FHA, NIEf#E ROV B3
AL LT AR M 1 il 35 FORIRA IR 1 ARG A AR QI EIR RN, R 2 fE Ik
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FARE B 75 2R R AL 5 A% s s A IMU 00 5 0305 73l T2 o AR i 305
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K 3-1 AnABeF K AR E
Fig.3-1 Loose Coupling and Tight Coupling

E—TmE2X IMU 505 AR G B R R B HEAT 1 VR 4R 37 1 AR L A A
B, IR R AL A B 24T 1 FRUAC TR . A B 1) B SR B AT AL AR B RS, T
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BRI RACTTE SRR I S i

3.1 LB AL TR

3. 1.1 FAST $F{E =48

FRIE S BEE A IR 2, &M BEE R AT, K T EM RS T, FHERE
B R —38 4y, 25 BeACFH SOCRAE S 17 /Y SIFT. SURF 2557, 215 S 148 2 R K &
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B, RBEE G TR LT ENRHE R, X2 2006 4F E.Rosten 55 A2 H 1 — Mg
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 3-2 FAST 4$4E &40 0T & A
Fig.3-2 FAST Feature Point Detection Diagram
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FRIERL, ABABUN 2 B R B IX MR AL AL

W ERTUUE Y, FAST SASCHLE R AL, Xt Hal RN R K. 2BIR3). (4iEid
a7 B AL PEHRER 1 AR E I 7 T R 2 BOEARRHIE R R . APIRG)T NG HEC 9. 110 12
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(3) I —: EAAVUIE RS, BT EGFRE tERESE, FEAME R AR
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Fig.3-3 LK Optical Flow Method Diagram
B BUG G R B K FEAE ORI TR AR AR R 4, B, 7ERSTAIL, Akdzl
(X, y) MR AL HAREEER RN L(X Y, t) s J5— Wi A t+dt, %R SN E N
(x+dx, y+dy), BB 1(X+dX, y-+dy,t+dt). HRHE A E 2 R B AT LASY i T 4
| (x+dx, y+dy,t+dt)=1(x,y,t) (3-1)
BN s, K E-1) 22 ) e H 20 =B i

ol ol ol
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( y+dady ) ( Y) x Y y a (3-2)

4o E-D)M3-2), ATLAEH).

Ao ab_a
xdt oyd ot (3-3)
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y
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R n AN

[ Mﬂﬂ=4m, k=12,,n (3-6)

A{u}:—b (3-7)

A

FF 50/ Z FRVE AT SR A3 31
u T AT AT
[J:{AA)Ab (3-8)
M ATATIERS, R RRE RN R SR AE MR ESBRR R, T REE
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Fig.3-4 LK Optical Flow Method Based on Image Pyramid Model
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o
OX,

T RIRZUEPATTM AT, RENS TN R GOIRES [ B AT 5 ZEHE R -
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Fig.3-6 System State Covariance Matrix Update Process
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Fig.4-1 Loop Detection Diagram
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Fig.4-2 k Fork Tree Dictionary Graph
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B 4-3 LT R TER

Fig.4-3 Geometric Constraint Diagram
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SR, AR w M =4GR & o I DU 22 . AER I A e SR A S R B, S S B it —
TR T3 o AR L, ANES (B BA FR)3 ARA'E e 510320, 100 25 A (Bl AL (R T AR A [ 3432
S FATRF AL, BB T A P SHR, A4 B A I R vy FAR G fr B P

AR
{Pi; :<ARiW) A(PjWA_ i (3-52)
Vi =¥~V
Hrh:
B —— 2 ORI T 57 R R T 5
R —— 55 | ITAT o T 5 2R % 2 M1 e O R
Bl ——%5 | WA 8 | Ui fE
TERIL A WL IR I ST, T LA b L5 2 7

ri,J'(PiW’l//i’PjWJ//J')_{R (PJW_lez_P“] (3-53)
V¥~V

N TR A AT AL, 3@ Ceres JEZRMENLAL FE S /MG TS s 4 2% R 4L

min L g I ’ 3-54

il I+ % o) 531

b s A FRE S R, T LRt BT ) (AL B, SRR p () B 2D
RE A o/ A IE B UL S 7 R T

52



4 A FAUEAL R AL LS BT AR
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Fig.4-4 Loopback Test Result

File Panels Help
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Fig.4-5 ROS Simulation Environment Pose Display
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Fig.4-6 Mark Point Detection
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Fig.4-8 Corrected Position RMSE Comparison
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Fig.5-1 BlueROV2 Heavy Front View and Top View
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Fig.5-3 Camera and IMU Physical Installation Diagram
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Fig.5-4 Sensor Data Stream
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Fig.5-5 Raw Data Obtained by IMU
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