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ABSTRACT

ABSTRACT

With the application fields of unmanned aerial vehicles (UAV) being further extended,
the autonomous navigation and positioning of UAV has become increasingly important
especially in the indoor environment where the UAV could face challenges of satellite signal
loss and disturbance of dynamic features. This paper focuses on a tightly coupled Visual
Inertial Odometry (VIO) which operates for UAV’s positioning in the indoor dynamic
environment. On the premise of satisfying the real-time quality of the system, our work aims
at identifying dynamic features to reduce their interference and using the visual information to
reduce the cumulative error from the IMU. The main contents are as follows:

Firstly, the calibration algorithm is studied to accurately integrate the measurement
information from the camera and IMU. Considering the defects of traditional camera
calibration methods such as the loss of dimensional information and unstable calibration
results, an improved 3D calibration algorithm is proposed to achieve more accurate and stable
camera internal parameters. Meanwhile, the methods of calibrating IMU internal parameters
and camera-IMU external parameters are studied to provide accurate calibration parameters.

Secondly, the tightly coupled VIO is mainly focused. In the visual front end, a dynamic
feature recognition method based on motion segmentation is proposed, which uses IMU
measurements to perform motion compensation and calculates pixel differences. The dynamic
features in the environment can be identified and removed by using the improved K-means
algorithm to cluster features according to the different pixel differences between the static and
dynamic features. The measurements from the camera and IMU are tightly coupled in the
framework of Extended Kalman Filter (EKF). In order to reduce the complexity of calculation,
camera poses are used as the states of the system instead of features and the states are updated
by establishing multi-state geometric constraints. The method of camera state amplification
during the filtering is improved to reduce the impact of the cumulative error from IMU, by
using the fusion result of the vision and IMU as the new camera pose in the state vector.

Thirdly, an experimental UAV platform is built mainly based on the NVIDIA TX2 core
development board on which the experiment is carried out. By collecting data in the actual
dynamic indoor environment, the performance of the dynamic feature recognition algorithm
can be evaluated and the trajectory of the flight can be estimated. Compared with the original
MSCKEF algorithm, the superior accuracy of the VIO proposed here is verified.

The simulation on datasets and real flight experiment results show that the VIO
algorithm proposed in this paper can accurately distinguish dynamic features in the
environment and can obtain accurate pose estimations which are comparable to the
VINS_Fusion in real time. Compared with the classic MSCKF method, the VIO proposed
here can better reduce cumulative errors and improve the accuracy of the whole system.

Keywords: UAV, Visual Inertial Odometer, Dynamic environment, Sensor calibration,
Extened Kalman Filter
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3| &6 €6, &6

S AT I ) FR B R R AT R R BT, — R RIEAT o o WEHE JE A 3 1 S e
BEN AL, H5EMAMARRAGUIARR, Riis, TR -ies, F-—FiikL
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FGat, oz il B FB-T i, SN E S, oX HhFe B TOLHK-T a4, oY 4
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XTSRRI E, HRAENME AR, REuR A HEMR, B A HREK
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S R F R TT AT A5
F(0+3 00 =2{F O + 27 (47 3 (x)ax+ 473 (1)1 3 (1)) (2-20)
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BHJ& 28 0 51N — T T ng AR O 100 0 R 2 000 ) 2 B0 B D D e R, AT DRAIE
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PRBSROEI, AT L& S NRE e R A, SR L-M D5k ERE T R0l ML, ST
— A KO ez, WECNEE R, A LM A G TR R ik
L-M T35 BEARGRAN 1 i AR U R R sks, (ESR VSRR O E A%, A B R
TENNBATBE, — BB NBRIME,  Blindiss i 0 e 7P

2.4 EKF JEBARALEIE

S SIS RE 1 SLAM SEAL R Gem, 5T v DLERRBCR SRR A
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& B, T RGEER - NZIW AR, HdzshE BAE B P AR, fr
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ZEACN XXy AT DU G0 B 32 3 77 FE AT 5 R -

X = F (XU )+ W,
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Fo f (o) RORIZRN AL IO R B, (o) MU 7 FRAO (L B RER, 0 R GefE
AT KA B BPIRES RN, IR L A L AEAE, woyia sl iR s AL e A,
v LN AR Y e A 0 O (BBEIK R T 70 M A A O SAMEL Y iR AT, 2 AR AE K
I 2, ARTREWLI R 158 j A AR

Ry LRz iRy, ZERIUN 21 k 4 RGHPRESA T, HURERIIRI Z] 8 RGUIRE
Henti b, 56 AR AR S s A B o AOINEEE 1 2, THEUIRAS R x SRR
Afi:

k=L...,N, j=1..,M (2-23)

P(Xk |Xo’ Ups ZJ;k) (2'24)
FEMEZE 2 b, SRAFIZ TR R 248 DU B A gk AT R T
P(Xk |Xo' Uy s 2y ) o P(Zk |Xk ) P(Xk |X0’ul'k ) Z].'k—l) (2-25)

A S — TAR SR, T DOE I 7 AR o A s — I oy se sl or, A
R DUE AT RS Al T2 S R AT IS A T RS AERH . AL RS iRIX o
T P REEG, PR AR M AR O AR MR AE S, fn BA BRI, 7
TRERAIIE, B4 R AR 2 A (TR KA T 2 AT 2 (IS IRAS X
JHEME RS, BN R ERZORE . 5 MR T KR89 (EKF)
IR AL TT i, AR By /R W] AR, P BLAO HiT Z1 I8 3RS R S aT— i iz
BPIRAH I, AT UL BR 2 BRRESERIE0T, I B R SIS0, RIEE LA
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SR

TR K BRI R AR R I SR R SR LTI K 1, P AR
FORENE AL R R T R BRUEAR B AR MR RS, MR (2-29)
AT DUR T PR

X = A X, +U, +W,
z, =C. % +V,

k=1...,N (2-26)
Horb A FIC ARBGERE . 5K S i B AE SR ARDIR A I 32 3540 g T A B8 3 v 2
TOUI = BT SR AR K B 20 B e 3RS A S P 7 22, 47 © R0k -1 B 21 1) e K s 3R as A
T g 2=, e 5 #2 n] CLan=C(2-27) 3t A7 v H 5
P(% X Ui Zi 1) = N (AR s +U AR LA +R) (2-27)
Soopt R IR EDf RN T2 TR BRI R R e, B
RETH R TT RaR
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{ﬂ:(I—KQJﬁ (2-28)
H K A R/REMaE, HUL TN AL ESH:
K=RC! (CRCI +Q,)" (2-29)
(A 1R R T R S RS AT Bk K — LN OB A A 5 1 K 1 %)
PR 7340
SRS b, A AR B iE B 7 R AN T AR08 AN T B A 2k ek A
Rl AN e BT FH R OR 280 7 N AT SR . ST AE4tE 24, TEMHY ERRKE
JER AT, AR E X RA e s 7 AN 7 AT — I R R, RARE
HAp =k, MW — "N EHEm B Amin oy s B oA, 76k B2, XHash 7 FE A
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z, ~h(X )+ H(x —X)+n,
For F (o) M H (o) Jufli 3% AT AT LTS H BT O TN S8 5 A, DA SRR 83 26
% =f (R U), B =FR_ F" +R,
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SPULHC s (n>6) KA H o BT LA R X(3-2) AR FEAH SR A TR 30U S 55 T 124, 15
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I:)I' = FQWI'PW_*—tWI'
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.
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- msckf_changed —— msckf_changed
—— vins_fusion —— vins_fusion

2
*(177? 8 s X 10 ~
10 72 o Sy 2
(YMH_03 4 5L (HMH_04 7 S48

Kl 4-10 HoR &7 5L K
Pl e R R 20 AR S AN s B TR I T AN AT e . AT LA
SRR AR I PUB AR S B AR — B, (HR BRI A S AR R E
Al N T EEM A REIEBERIVIEE, FIANAXE&RZE (Absolute Pose Error,
APE) fRIREATIFNY . APE BELHETHE R —WiA B B SHE S BE A THE 2 R 2, AT
PR BIE R R AR . APE IR A I R
Exe=Q'R  QPeSEQ) (4-49)
Horp, Q FRE i W ESEPIE, PRI, APE PP TRIFARZ, BfE
S g 357 HRRZ (Root Mean Square Error, RMSE) 4845, < 3 f#i F§ RMSE
SRR AT R ZE NG DL, HooE LU
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) (4-50)

RMSE (E,,, )= (%i”trans(E;pe )
i=1

o trans (Ey,, ) 48R AL &2 H P RS 4y, m AR IR 84N K. RMSE (BN,
W% AR SRS T 2 R TR S fE, e RS RO LA MH_02 J9fl, i 5 APE
MIRCR AT 4-11 fios, ANFSE T A Hds f R 25 R0k AR 4-1

- 0.639
—— APE (m) ---- reference
0.6 —— mean
—— median
—— rmse
0.5 . std

APE (m)

[=]

20 40 60 80 100 120 140

t(s)
N N A=
(Q)MSCKF Hy% APE 4554 (b) MSCKF By iR 7
-0.379
—— APE (m) ---- reference
035 — mean
—— median
— rmmse
030 mm std b
W e
0.25 / ] i
’ll I/ IA\‘\\' 3
E A H ,’/ 3 I 2
= 0.20 g
W i 4] 7l 1 ==
g Wt e £ 019%
PSR ’ ~
0.15 2 °Y
T-1
0.10 - -2
£ 1‘ 5 =3
0.05 o N =<
1 = S 7
+/,>)J23 - N . 5 6
e 0 25 50 75 100 125 150 4. 2 3‘/ \\'(\\
3 -0.012

t(s)

(C)A VL APE 455 (o)A SRR iR %=
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—— APE (m) 0454
mlean ---- reference
0.4 median

rmse
std

|

0.3

| )¢ 7
-, o/// (t T
0.2 é/\_/ 0

APE (m)

—
>
T g
|
N

—

| )
0.1 M i v B .
W o - ~— 8
+, 2 ~ 9
& a4 ¥ 2 \14\«‘\
0 20 40 60 80 100 120 140 0 - 0.029
t(s)
(e)VINS_Fusion 5% APE 45 (f) VINS_Fusion Skt iR 2

4-11 MH_02 % #54E APE {11545 1

K41 HENARHTGTRIRE

e MSCKF(m)  MSCKF_changed(m) VINS_Fusion(m)
MH_02_easy 0.213691 0.202241 0.163655
MH_03_medium 0.268799 0.205399 0.286072
MH_04_difficult 0.310635 0.324117 0.422505
V1 01 easy 0.095045 0.073065 0.116821
V1 02_medium 0.111361 0.098461 0.094772
V1 03 difficult 0.251352 0.240963 0.148547

MRIERPEAE, N TER—MEEN S, PR SER B, HXRK RMSE
EEAL ETHR#aA, AR TR TR VINS_Fusion 5%k 55 T8 1)
MSCKF HEZEFEA R £ 8 5 b R I & T8, VINS_Fusion ££H38 5 [8] A 24T 4620 55
KM P38 Bl A e R P AL T I8 G HEZE, 125 T8 3 (1) MSCKF HEZRAENL 5 K RUE ’AT
THSAR I LT

B W AT 5 MSCKF Bk e A 258, A% % (Relative Pose
Error, RPE) ATVl RPE 3= T AH R[] e I [F) 22 M2 8], B Shr 22 A T r
RZIRRZE, AT EENE BRI RE, eI R IR . B MR (] 5]
B A, TZE i MiA xS RPE & X T -

E,. =(Q'Q.,) (R'R.,) QPeSEQ (4-51)

Hop, Q FonEh i WL LRI EAHPIE, PR LG, 75 RMSE
RAHRHRZEAE DL, HoE LT

2)2 (4-52)

RMSE (E,,, ) = [%i“trans(E:pe)
i=1
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Horf trans (B, ) AL 2R 2 R (T RS 40, m RS R AN B MR RE L BT
HH P RMSE i/, M BREEE N, tH RS E RMSE i, K4sR s
THER 4-2 .

R 42 AR FTIRRE
V1 01 V1 02 V103 MHO02 MHO03 MH04

MSCKF(m) 0.053199  0.101143 0.061926 0.044573 0.114828 0.098539
AR HE(m) 0.037482 0.069791 0.062033  0.039660 0.102438 0.098072

TRIE L P E A BoR, ASCH MSCKF JEsinfEZR K A — & BOR,  Budk 5 I BEAE
AbEE easy F1 medium Zl 37 st ABES T R AN MSCKF Bk B I i BAR R 240
HFERH . BX T difficult 375, M 45 RAEE L, H2REAR MSCKF Hik45 2k
I, X2 NAE difficult e, SGRIAETARII S, Ao F s B R OE A PR,
UL 7R JE o e 7 FRAHMUIRAS T, 58R0L IMU Fiz shBdR T8, TEikR B BRAR
FAMEVER o AN SR ANUSCRIRFE s ZhIN, ARHE PnP Sk TH 5 H 1 e AR A0 vl e A7
ERRIRZE, G BT AMER ORI A ERAE . 28 EATR, Aot e i 5 B
THEZE NI — Bt BR, T ANE BN Ran, fEPETE BAA NS,
ERLRINBO I, X TH 2@ M T, A SR I B iR Z M DTk A R
UF IR -

4.6 ARE/NGE

AT EEH G SR G SHUE LR, A 7T EKF R S
IMU & MHESERERL . O 1 2 RGUE RIS PEEER, AR o i R B
Xt R IEH FAST A1, A LK OGHUEATRAE R ER . BEXT = N Sh SRR RE I,
fir Bl IMU JiREE AR S, X R R ROs s BT AME, IR H B0 K-means 55
PR BN FE AT RIERR: BJa /vl TR TR S IMU RS R, KA
[N ZI AL AL AT IMU GRSV IR R BT M Th, RS 5 IMU 15 2ok 15
FANUALZRES, PARRIK IMU BRARR ZE X0 R G DR FE s o R R85 AR ARRAIE JRE 22
MAINVIRE Z B R LT 2951, M LA I F 5t EKF BEAT SR, AT SESLE A ML
MIRL AT PSRRI, ASCHEIELE EuRoC #dE4E FIMERFEES VINS_Fusion
ML, YU AR /N T 22 i ¥ MSCKF 5%
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FHE TAN YT S 2%

FERTI A FESTH, KBS 2 UE R AL v 16t 3 AR v Rk AT TR, JFE
T AW S0 B e i SO A B & A ET 1 VR . BT EuRoC Hdla&E A
RS W BAERIE, I TE s R SR A R AT IIE . A B A TEANL
KIG &, FHESKPR N E A SIS ST I AN ©AT S8, PRSI ERR AN S bR
ROR, HHAS VIO FRAT AL T & EREAREE, 3L AR = NEh&
P IE A A

5.1 ERFEEHR

AT AL T AT AR B AN BN b, TR ERE SR E N A
RS E MR B 5-1 Fras ARSI BT B ANIF REM, BT IUEET AL
WAL, LB HE Pixhawk Jo AHL K% FAFIE Jetson TX2 #% 0 AR 7N 52 0 H AHAL LA
J% 3S Hith. oA, ANTSUE AL IR T MEMS 21 IMU AR, JLARSC AR
FURSTE 3.5 HTH CVEAIA A . NIRIE VIO Bk MkEffiz T, i 3.5 Tihs @ siih s 1
TERTANT G FIME RS IR E S E. TX2 FFRBAARSCEM ARBTG5, H
BR#EEZ NVIDIA Denver 2 64 £ CPU 55U ArmCortex-A57 5 & 40888, #A 8G
RE1TNAF, 32G AR IA], BAT DIAEERAR Y 15w, S&& H TR AHIWLER L RAE.

o

Kl 5-1 B ANLSEE &

SEIG LR, A P RE AR AR T AL KAT S (5 Bl SSH RS N Fa iz F e TX2
HRMR, SEEAEAN NN iR i) TX2 iE17 @ M FE IRl A B HdR . TX2 K
BaEE USB 2 M LN 3RBUN AL BB E SRS IMU B3k, N T WAL AN
& AR TIFE, i et TX2 e T-BA K Max-Q 10, T, KR 4 HL ARM
CortexA57 4T TAE

AR S5 b R AR B R S D MR X 25 S B — KT, Sk sE s 5-2 o,
ZSEI I AR R R K ia sh a3 (8], & & TARE LS, Seiedyserh hIEAT AT
DA SR Ber fit F) B A RRAIE o
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(b)
K 5-2 sEEIg

5.2 BNARHLIR ALK

ASSCAE A AL E 1R 5 AR T SR AE PO S AR s, AL T Pt E R 2 18] IMU
RO EAR 2, XL e AR I B IE AT AME, RAE AN IR R s sl 2L X - A B h )
FHREIE. T BOA B B R Z VSR EN VIO Hidlide, AL TEA
BB AT R X B A FRAE R S R R AT VA

N T ERME NS, fERHIREN, SO NMEARSHERES) . T NEATE
o T RF AR LA AR E AR, DASR e IR R R o O 1 ORI TS AHLREVL I
FZF P ZNSRHE, K AT R ERFFE Im-1.5m, AT ELN Im/s, 17 N NIEH
HAT R . B S R, Ml St 1034 FKIEMR, EHCH T =24k
(rah s BB REAT 70 H7 -

(© (d)
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K 5-3 BIARHE T L5 &

P 5-3 YRS AFAE R SR A SR IR ROR I, B 3t R A A T OGS ATB R 2
RS IRFAE i, St R R AE B TR R AR, 21t RUR 7S AR 2 i B R 2 1
ENASRAE A, W0 AR AR BT B ULHAC R B — XS VLI s [ 20 /N 2 A
HAE, AAGBARACRZAFELE AT i IZ S A Z K. A /N B SRR 2
AR TS BB R AE . AN il DR Y, 43R bt IS AT A, W58 i i 2 72
Fo ESRBURSCHRFIE, A TR LR AL RS R SRR Ja sm A At T, oM SR
RHEANERE . IR R AT BUREL, AR H B3 T3 3 0 B Bh A UERR 7 1%, BERS
FE1Z3 5 N OV HER IR R E S RHE AL B I8 T 3ha8 47 NHRHIE 5 %
AHCEVESH SRR TN R, BIAnAT NJRIER A — SR, XA NI SR E BAR ) T30
YR, B FAERTJE M IR B K AEROV I R RIE S, R Teik RS HEH A HYiE 5
Iy TR F A s R S R AT IX 7).

AT EAEAR P AT 2 R ARSI RF AN - Fabs, W5 1R E SRR -

{PzTM/(MA+FS)

R=TM /(TM +FM)
Hrr, ™ BB BRI IR B AR L REL PV OSSR B R VR I BRI AT
o, FS ik KA R RN N B SR AL A HCE .

XF B 5-3 FHYA SRAFE MBOEATGE T, AR WK 5-1 Pon. WRFFTLEH, Eid
IR G R R B HER LU R, AN AR SRS, ARG ESRAE T
HIZE0), (HRERIEST, ~FHERRaELT] 87.19% /A, i HIA I H K VA RERL
A R 2 5T BB IE 5

# 5-1 FBFMERMER
Frs BRI SRR EASETR fiR]i S fiEREoES

(5-1)

a 22 6 1 95.65% 78.57%
b 25 4 2 92.59% 86.21%
c 10 0 0 100% 100%
d 11 0 0 100% 100%
e 8 4 0 100% 66.67%
f 11 1 0 100% 91.67%
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FHMEEE 5-3 11(a) (b) T LAAKHL, FRASEREE DX Sl i B A il 2 AR R T B 1L
G0y WRIEHHT, — I T G IA SR A BN AL EUE SRRIE, KA
Pesiein, SR ERERIT vl B AR UL AL PG S — 7T, T 7R BEARUE A A S
PR, CEAI 0 A Ui 8 FH ) R AL A R I R AR B, I3 0 AT IR AR 4 1E, [ I X 2
BRI AE EUG R AT AL B R T EUG %, WGBS R A S RAEMEEA, DLk
PR DR R T B S BUR R RIS SR B EOR, M T RS SRS 3 B, AT R
REVE NN R BT BN RE . E0 EUR AR B RIR A O, AT LUK EU AR 4y
TER 7 AT B . D T AN S S R S, 7R R4 B AR I TR N AN Bk R
BT LWAR AN, SR A 4.3 AT TR B A SR B A RHIE AL TR TR B
FHIE AT AR E . tHE IR R T A SIARHE SR R 22, FEEBEAT R I Fr
fERERARNIE, FRSRERRIRNE A RIFFSOW. & 5-4 2K 5-3(a). (b)InA
T EWERAE AR ERAE R, AT DUE H, EGURH BTIE B B A FR A PR SRR DA
R, FEEXAT A& ERIBIASRHE SR B A B R R

(a) (b)
K 5-4 A2 Ja BB SRR

A SRR AR 1034 SKRIE A, AFAAEAT Bl ASIA IR B Fr 255 5K, FEIX L8P rpoxs
MU HI A R IE AT ST 8L TR AR RN E e R SR ERER. 2,
BARRF A 420N 79.36%, VIR 91.22%, AT 50%, AHER AR
N 52.94%, EFEAT NG ERIE SR BUBAD &, PR br B e REIS 1) 100%. £%
& LR AT LAY, FEZSERI ST, ASCHEH Bl AR I bR U i B AT By 1R
BOR

5.3 ALK VAL

RN & WATsesd At B2 PEaBR, ok ER R AHLI) S A B
B eI RE T, FRETEANLE ©ATBRIE, (EHA R, @ PN &
T AR BN B 7R VP IR FIR R E ARG R . ARSI LBt =M AT B/ AR

BEAR AR R AT IR AT

BAR T IWENRTIAGIEAE (AT

= EENRTHAEE T

b AT LI SR AT S W & 5-5 P SEI HeRERTE ANLAE =R 42 MY |
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T8, IR G HT R ) MSCKF S THE IS AL CATHLIE, PIRPSIEAE A A 42
N RAT S R U0 5-6 P

rviz_euroc_config.rviz* - RViz

&interact #Move Camera iSelect Focus Camera =Measure ~ 2D Pose Estimate ~ 2D Nav Goal 9 Publish Point

@ Displays
> @ Global Opti...
> ¢ Global Stat...
> «1m Grid L]
> = 5m Grid L
» »TF L
~VIO
~Covariance ©
» VIO Points ®
> @Stereo Fea... &
* ~Ground Truth
> v Status: Ok odoim
Topic /benchmark/od...
Unreliable
Position T... 0
Angle Tol... 0

feas
s Stereo Features

Reset Left-Click: Rotate. Middle-Click: Move X/Y. Riaht-Click/Mouse Wheel:: Zoom. Shift: More options.

5-5 AN VAT SER SR IE 4T I

—— msckf 0 —— msckf 7
msckf_changed —~ msckf_changed

E 10

b%
- 10 -20
- 5 0

T -

0w E
< -2

T-5
=—10

~ 1.5
< 10 =10
< 5 ™

’ N
- 0.5

-20 , =~ %
-15 ) y —5*\ 0.0
-10
“'ffn) -5 T -10 0 10 20 30 40 50 60
0 t(s) +1.6176932e9

(a) HAE— RATHLLE
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—— msckf 0
msckf_changed
E -5
x —_— msckf
I -10 msckf changed

ra 0.0
T2f¢ = 25
- N —
0 s, —5.0
~-2 -75
~—4
= 1.5
< 5 .
~ 0 E 1.0
-2 N
0.5
-12 < 4 A
-0 g E; _6\\\6‘ 0.0
p— 7
Ximy 4 _, 78 0 10 20 30 40
2, -10 t (s) +1.6176954e9

(b)Eg 1% — AT

—— msckf
msckf_changed
msckf
msckf _changed

2.5
o 4
—_'{ *\ 2 ,g 00
’ 1~ E 25
\ A — ’J 0 >
T -5.0
T—2
T-4
< 2 E 1
< 0 o
® e o 0
», Z -4y
*(’77) —2 =6 720 740 760 780 800 820 840
0 t(s) +1.617863e9

(C) A2 ="RATHLIE
K 5-6 L AHL KAT SR LI
MUAE =R e B i m] DA Y, S0 e R S [ P 4 R Bl B 3 1 AT R AR o
FERE 1 ANRLIE 2 I EZ AT B, IR ER A T PR A &, ARSI 2. 3
T B I S I, PRSI R X 78, JRUR I MSCKF S35 g i Iy Lk H
BUEERE . WAL S & AR IR B — € KRB I 22, 170 e it I ) B0k P 43 R T A i
FEANRI B 7 e b, ek ) i SRV AE B0 — 1K) z Al 7 1) AEE = B =N 7 g e 2 22
ARAFMFEIVER], ARSI 5 HAE z BT [ Al 22 K IR BN B
SE LR 2250 59 ) AR R EEREAT Al i, FARRE L F

e:\/(x'—x)z+(y'—y)2+(z'—z)2 (5-2)
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Hodr (XY, 2 ) NP EE AR, (%Y, 2) Jyie i Abhn . FH P RR S5V = b ide st
172 AN T, WG R I SRR 5-2 o R TR EE T A, 5 R AR ) MSCKF
AR, SO R B MSCKF MR ZE /)N, AR Sk AT BRI T 20 43%.

K52 HERESHIRBE

ik 1 i 2 B 3

KATEEES(m) 32.314 43.085 103.093
MSCKF PH¥Ri% 2 (m) 0.663 0.554 0.772
ASCEE IR ZE (m) 0.317 0.348 0.466

5.4 KT/NG

AR EE N E AT AN T & _EXA SR I SE AT SC IR I IE . AESKPRIE NS
ST, A SCHE ISR R BRI 3 X 73 3 5t b 3D SRR, SeAR R R,
AR SR N, SIS SAN S SRR A R 5 BRI REORFFAE 50% LA |,
Hor~P & 420 79.36%, ~FIEAEZREIE 91.22%. Ukl 5 FAN TP TR
A2, B R SRR IR E ARG A T Gt T 1) MSCKF B35, MR R Z 0> 1R
T2, FTRLA AR SR H I TE AL VIO SEREAE S N BhaSIAEE T B R I E AL RCR -
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g adibRE

BERE REERE

AL E BRI EA ST T RN T BT, £ORIET AN K47k
I AT SER AT T 3RTHE A SR B e I S v P . AR SO 22 LK) MSCKEF ik Bk At |,
AR R B S UERRTIRE . JFAE R e O AR et TARNUIRZS 1 59, AR
IMU SRR 220 5 ARG P AR I, 3883 et 8 115 O it Ja (R S0edb AT DAty o [R5
KPR TR LG T 6, SR IRE R € T5i%, SEERR RSN ShSH, e
bR = A B SR AT E AL RCR VP o AT T RN R S SR

(1) 8 7 RNBAEZE N ZNA I T S 308 AL i 1 B0 ) L, 5 2 1 I
HESRIALE 10 3 AT O TT & IR 7 e 153 LR T IR S A I

(2) NRUEMLARIRES S IMU BUE TERTE, SR IR bR 2 B T ot oL &
XL GABLbR E THVALEEAS 8RR b e 4 R AR E S5 1), $2 H SOt () =4EhR g T ik,
RAFFRE A RC B = 4EARARAE B, NI AE AR 8 I RE S S P A LT ARG &R 5
bR E SRR SRAN LG, ot B = e HARE M 9, e 45 R E AT SR SLARAL
PRALE . R SR IMU SRLSERIN . ShShrie Tk, IR sk b i P A AR AL B
RIS HEATRRE , PRIESERRTE NPT & RHERRIZAT .

(3) WA 5 W3 EME K E S E. M Es) 7 RIT7E R E AP ) 3)
ARER, FIH IMU SREUEIZ 25 B it B R P R AT is s whbs s B
JERHIE SAERT R WM TP R R 72, I SO R) K-means SLIEHHTHRIESE S, MR
BN RFAE I T ATERR . ML SRS, ASCHR A S REBOy HERA IR ) H 37 55
KBTI BNARFL . (L5 ImIE BRI, dEAHLIRES Y 185 3K, R A S G R R )
UCEC S F AL IZ SIRAS, B4R S IMU T4 R T4ls, DIRRK IMU R
RZENERLRG BE AR o R BR AR I, A SRR REVS 1L DRUE LT SN PR ATH2 T X
S AR AR SEAR G K € NRE BE, AN P SRS Uy T A T4 S (¥ MSCKEF 5
e

(4) LASefsik i) TX2 B O F RO EE T NSRS T 6, FHFAE SRR = N 3
Y AT T AR, 8T IR ZE P SO TS AR T AR T R E AR L
PRBL A SR I e

EIRA SR PRGN 3 e B T RN B et 5, (HE AR NI TPAIR, 37
ReiEm AR DR S %E, HEuh.

(1) ASCHR BB RAE IR B A TH SRR R AR, (B REAEIA BT 14t A% 5
I A RESEI B AS KT, 2418 )R TR 1038 B BIE B B PRI R G0 AR i A
RAAEREAT AL B o XTI R IR RO TRA, n] LA RE R R 2 2 it e 4B xR T R — W4
IR RBEAT 20, DASE ree I A HE A 6

(2) AAE R &S IMU IEE R, X IMU SHL5E T 5 R
T, BORIRYERIR I 3 5 B E A PR BAS LB, i AR A SCREAE T ANLIZ 5]
BON R ZL R8RS BB AR B AR RACR o AT LA EARYE T ANLHIE 3P IRES W E
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AR EEER S BER, ARSI S IMU FEREE .

(3) ETANLIISERR RAT LR, TR EIORR G, BeREIRBCE AHLAE AT
AR N Z B JE A 2R AF IS DL R AT LORTE T AN AT B AR B 4 v Al
FENENLIR 2 o

(4) ASCABT T EGMES IMU [ BRETHRR, w] A5 B AL e A I PR el
FIIReREL, Bt BRI U HER I
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ARG, =R LA S E A SRR P NS . DR, HAR2AE S TR
oML, LA GRT— D0 e 1A

B, BRI ST ERBINAER =4 B RS 5. 22— 24%
AR IR RVR A 163 U I BRI (R EN R . 523 b, £
AONFEATIFEAE R IF IR IABEAN SE R BN 2[RI 2 209 3A 00 TARAE 55347
X, &7 TERIMRZ IR SIENE L. At E2Z2MEEFR EWARE L®EA], 1
HEEANPRUIRG, WEERANMERIE NS FHRNAET [, #d% 17 IRARZ N Akttt
WIS Tk £k, mRURERIE = R 5 H0S .

FR, Rl B A2 A 2e g TR0 B DS, el Wusg . TR
XUMG WA LS AR BRI 51T, 1ER AR IRE T B OB RTT R, ERMT
B EAGE TR, OB KR Fratk =R S AR, 48 T
RZ ORI A FRBARTAT I 55 RO, fRa e, b b 2 EE5 00 8 ke R L
PRI, hIRATE TIRZ B SR 7). R . 2 RE (5 R AR TR e S FE R 4
TR, BRI EAEAR . SR ARG LR 5B

we e, AREIRIRA SRR AR E TR 2, BRI
FRESERR)E, AR IRIER 2AFEN B S 508, ARRETCHT IS I L P A k. 12
AT SCRE . B S i, bR T NERRER .

HI RIS 15 AL 2R B KA HOSR 2O, IRBUNDOR 2 RN AR TE RS L5 5T RS+ &
FEAE H a2 7 B2 B AN RS 1 B0 1 S B
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