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Abstract:

importance for

Accurate pose estimation is of paramount
intelligent vehicles, serving as the
foundation for decision-making, planning, and control.
To enhance the accuracy of heading estimation in vehicle

pose, a novel fusion localization algorithm based on

Wk HiM . 2023-09-28

observability is proposed in this paper, utilizing GNSS
(Global Navigation Satellite System) , IMU (Inertial
Measurement Unit) , and vision sensors. Firstly, to assess
the observability of the error state in the GNSS/IMU
system, a novel method for relative observability analysis
is introduced, revealing the existence of four weakly
observable states within the traditional GNSS/IMU system.
Subsequently, a fusion localization algorithm grounded in
relative observability is proposed, utilizing the relative
heading angle estimated by Visual Odometry. The
that the
localization algorithm achieves a maximum heading error
of 2.76° and an RMS heading error of 1°, highlighting the

effective enhancement of vehicle heading accuracy in

experimental results indicate proposed

weakly observable states by the proposed algorithm.

Keywords: fusion localization; GNSS; IMU; visual inertial

odometry; observability
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Fig.1 Fusion Localization Algorithm

T BE TR PR RR PR AR B L AR ARSI
R T T LSS TR, A FE 0 R AT R R
hﬁ&ii;ﬁfo IMU AL ) 3 5 5007 53 1) 5 GNSS £

L B AR AT [ 9 S AU, A5 B ) 1R 25 R
Be%ﬁ’ﬂ}'l{)ﬂ'{ﬁ o KM 15 4ERZREARIR S Uk, Xt
BRVRZEE P IR2E B R N BT R AN g
IR A TRARAG T . 5 (A TR 22 RS XT
IMU (A T 7 B P BR 2w 0 32k 5 25 s
1AM, Horp 15 4B 25 RS R IR 208 I AL i FE
meE 2 iR .

3 SCIGISIE
B SIS SN 3TN . SE56 R FH A IMU

J& Bosch 23 &) ) BMIOSS fl A 75l IMU , GNSS Ay
Trimble982 xE (it | , 28 AR FH R 5 E 7, A%



5,45 BT AT 2T GNSS/IMU/ A58 il A ik 155

5 S1M X
R EH TEEH

FREH I

fiu A x di+x 7 K, = Pk\kleZ\kfl (Hk\kf]ErV(lelgkfl +R,)”

k-1 = A1 X k-1 - .

RED T E R

RZET N

WRZEE T IT ZEFERETRN By =(-K,Hy )P

T

B = APy A + O [+ RAE T

)2;\; =Xy + K (2 - Hyy )

B2 FKREWEEE
Fig.2 Kalman Filter

E3 Xig&E

Fig.3 Experimental equipment

S 2/ NG BARE R 2 RN H B 453 | HE BG4 %
1280400, Bk A, SR H A RTK £ X 1
NovAtel 23 7 OEM_718D X K4 GNSS #zFAE K
fiLInl i 50 5 2% . BMI088 5 OEM_718D i %
Bl L2,

#1 BMIOSS B
Tab.1 Parameters of the BMIOSS

IMU ¥ [ s T
EIROSIN | +125°/s +6g
LTRAEIES 200 Hz 200 Hz
i 1°/s 20 mg
i 11 Mg A 0.014("/s)/Hz 190 pg/Hz

%2 OEM_718DZ#
Tab.2 Parameters of the OEM_718D

RTKCRAHGT

OEM 718D 1:fig

MEpE] 0.08°(2 m%:4k)
R 0.03m/s (RMS)
{OACH 1 cm+1 ppm

Sk YR SR A B AR SCHEAT T S SR IE
SEYG AL TR ) AT BRI R 1) L
2R | AR e A 2 R T, EL R R A 4
i

SZEYEGIE T 15 4E GNSS/IMU 4 & S A ik
BEAH ATV : GNSS/IMU 8354 T B 225 ff
(AT T, 7 1l B2 M 14 AL S5 P S 3 J 1 b i

E4 SCISERZ

Fig.4 Experimental route

NP5 B o T s B 200 , W) 7 A A 5k g
BB A T2 SR TR E , nE 6 iR . &4
GNSS/IMU 4 A 72 o7 S35 A T B A 1] A7 3K 1)
Wgh, 5SS HZ B AEERMR 2, E 7 R,
X5 2 AT B AT RS AT A e A AT

0.015
0.01F m’.'.u.'lllIl_llllIllI_llllllll'lllll!
3 X RE I R
= 008 © YHRBEIRE G
@ 5 2 7 1 LS
& m
(i .
o 0005 % '
ot :
= .0.01 £ |
-0.015
-0.02 - ; . -
0 50 100 HTJLImS1 50 200 250
E5 PeiEERATT
Fig.5 Gyro bias estimation
0.06
i LS T RN L E Y # aret?
0.05 ;-.f" . nepst™
] 1 == XA AL ||
b 0.04 1 Yl R e
ﬂg 0.03 : 7 1 0SS U R
é 0.02 +v"’
E‘J 0.01F :r- ~ !f—.\_‘-’_\‘-s___
= 0 Reter” r’ \V_"
-0.01 -\.J’;
-0.02 . ‘
0 50 100 A jA]s150 200 250

6 fnEEITERAT

Fig.6 Accelerometer bias estimation

AR SO A3 dhy T 1) 5 22 4 UL
{H, BE R FIRTHIL R ZE R ] WU . 7EAE S A
AL AL 55 PO B , ARSI A T A 1) S ARG T
R A G EMAENHA Y, WK 7R, ARk



156 [l o K 2 2 MCH 9K BE 2% O

%52 %

o
= GNSS/INS
6 M — i

it F i 220

% 10 2 30 10 50 60
i} [a]s
E7 MEREXFLE

Fig.7 Comparison of Heading Error

®3 IWERILE

Tab.3 Comparison of experimental results

(=R M2 RMS MR 22 A
RS A RN 2.23° 7.00°
A 1.00° 2.76°

558 GNSS/IMU 41 A (5300 LA, At Al it
GEIRXT AR 3R . LIRS R R AR LR
RUREAR GNSS/IMU 2 452 7. 55 71U B B 1] i 1
RRIR2ZEZ 2. 76°, [N A Ak A AR e 1 o

4 GiE

1545 GNSS/IMU 2415 5 AETE 55 TR S i
FECEF AT G TR  AEE R RIR 2 A
B GNSS/IMU B4 1 AR X wl WA () 53 A7 7
B, R RME G LA AL R GATAE 4455 AT AR
Ao MRRARMT DR 2255 n XL A T F 5
ARFFEAE T ALSEAE B RS 15 v B R T A A
XA Te) AR ORI A5 B, , ST T L [ 1 i 2 SR il
PR . e S SR T AR AT O 43 BT )
A R BH BT B8 500k Re A A5 T 55 T UL B
R A T BAE BE o

ABEFE T AR E AR TS GNSS/
IMU AT RlA A7 o B H A0 B 0 B
TINSHE E T2 (0 A RE T ARG 555, TE k4R T oAy
(55 ATULTR S AG TR B . AR A AT 25 R FH WL
R0 BT, ) AR T 7 0 14 3 8 0 o sk g 3 2%
PRtk A BB RGN B

Sk

[1] KARLSSON R, GUSTAFSSON F. The future of automotive

localization — algorithms: reliable, and scalable

IEEE  Signal

available,
anytime [J].
Processing Magazine,, 2017,34(2) : 60.

localization: —anywhere and

(2]

[3]

[4]

(6]

(8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

HAN S, WANG J. Integrated GPS/INS navigation system
with dual- rate Kalman filter [J]. GPS Solutions, 2012, 16
(3):389.

WU Y, WANG J, HU D. A new technique for INS/GNSS
attitude and parameter estimation using online optimization [J].
IEEE Transactions on Signal Processing, 2014,62(10): 2642.
GROVES P D. Principles of GNSS, inertial, and multi-sensor
integrated navigation systems[J]. 2013,67(3): 191.

HONG S, CHUN H, KWON S, e al. Observability
measures and their application to GPS/ INS [J]. Vehicular
Technology, 2008, 57(1): 97.

MOON J H, HONG S, CHUN H H, e al. Estimability
measures and their application to GPS/ INS [J]. Journal of
Mechanical Science and Technology, 2008 ,22(5): 905.

MA Y, FANG J, WANG W, ez al. Decoupled observability
analyses of error states in INS/GPS integration [J]. Journal of
Navigation, 2014, 67(3): 473.

TANG Y, WU Y, WU M, et al. INS/GPS integration:
global observability analysis [J]. TEEE Transactions on
Vehicular Technology, 2009, 58(3): 1129.

CAO Q, ZHONG M, LI J. On analytical error analysis of
POS for ground alignment and constant-velocity flight [J].
IEEE Transactions on Instrumentation and Measurement,
2016, 65(9): 2154.

DU S, SUN W, GAO Y. Improving observability of an inertial
system by rotary motions of an IMU [J]. Sensors, 2017, 17
(4): 698.

RHEE I, ABDEL-HAFEZ M F, SPEYER J L. Observability
of an integrated GPS/INS during maneuvers [J]. IEEE
Transactions on Aerospace and Electronic Systems, 2004, 40
(2): 526.

HUXEL P J, BISHOP R H. Navigation algorithms and
observability analysis for formation flying missions [J]. Journal
of Guidance, Control, and Dynamics, 2009,32(4): 1218.
HAM F M, BROWN R G. Observability, eigenvalues, and
Kalman filtering [J]. IEEE Transactions on Aerospace and
Electronic Systems, 1983, AES-19(2): 269.

HONG S, LEE M H, CHUN H H, et al. Experimental study
on the estimation of lever arm in GPS/INS [J]. IEEE
Transactions on Vehicular Technology, 2006,55(2): 431.
HAJIYEV C, CILDEN D, SOMOV Y. Gyro-free attitude
and rate estimation for a small satellite using SVD and EKF[J].
Aerospace Science and Technology, 2016,55: 324.

WANG Y, ZHAO X, PANG C, et al. The influence of
attitude dilution of precision on the observable degree and
observability analysis with different numbers of visible satellites
in a multi-antenna GNSS/INS attitude determination system
[J]. IEEE Access, 2018,6: 22156.

HEO S, KIM H, PARK C G. Observability analysis of in-
flight calibration of gyros and attitude sensors on orbit [C]//
2016 TEEE/ION  Position,
Symposium (PLANS). IEEE, 2016.

Location and Navigation



5 S13 X1

5,45 BT AT 2T GNSS/IMU/ A58 il A ik 157

[18]

[19]

[20]

WU Z, YAO M, MA H, et al. Improving accuracy of the
vehicle attitude estimation for low-cost INS/GPS integration
aided by the GPS-measured IEEE
Transactions on Intelligent Transportation Systems, 2013, 14
(2):553.

ThHRZL, WZE . JET SVD B Ay Al WL EE 43 A 7 219 LA
BILT]. BB PR 241, 2008, 16(4) :448.

MA  Yanhong, HU Jun.
observability analysis method based on SVD theory[J]. Journal
of China inertial technology, 2008, 16(4 ) :448.

LI J, WANG Y, GU B, e al. State parameter adjustment

course angle [J].

Several counterexamples of

[21]

[22]

filtering method of airborne POS based on instantaneous
(11
Instrumentation and Measurement, 2018, 67(9): 2153.
RIF, H/NE L RER IS R GRS AT A [T, 5
iz, 2002, 23(2): 54.

WU Meiping, HU Xiaoping. The observability analysis of the

observable degree model IEEE  Transactions on

error state of sins[ J]. Aerospace journal, 2002,23(2):54.

QIN T, SHEN S. Robust initialization of monocular visual-
inertial estimation on aerial robots [C]// 2017 IEEE/RSJ
International Conference on Intelligent Robots and Systems
(TROS). Vancouver, BC: IEEE, 2017.



