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Table 1 Common multi-source fusion positioning algorithms
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Table 2 Solutions to the consistency problem
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Fig. 2 Framework of 3M-based fusion positioning and navigation algorithm with filter
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Fig. 3 The factor graph framework of 3M-based fusion positioning and navigation algorithm with optimization



AR 24 P2 0 ARRIEN) 2022, 14(6) :635-648

Journal of Nanjing University of Information Science & Technology ( Natural Science Edition) ,2022,14(6) :635-648 643

THTOS 987 M TR A ISP S AT A A SRS IO 7
B ZRLG E AL BT T 2808 RRZ L&
SE (VB AR B 2 R A A2 AR | AR R A P
Yy AR Bh M8 AIE Sh AT i B LA RS A il
HEZRIE LA T A JE.

S 3Lk

References

[ 1] Gao Y,Shen X B.A new method for carrier-phase-based
precise point positioning [ J ]. Navigation, 2002,49 (2) .
109-116

[ 2] Langley R B.RTK GPS[]J].GPS World, 1998,9(9) :
70-76

[ 3] Mur-Artal R, Montiel J M M, Tardés J D.ORB-SLAM : a
versatile and accurate monocular SLAM system[ J | .IEEE
Transactions on Robotics,2015,31(5) :1147-1163

[ 4] Zhou H Z,Zou D P, Pei L, et al. StructSLAM ; visual
SLAM with building structure lines [ J ]. IEEE
Transactions on Vehicular Technology, 2015, 64 (4) ;
1364-1375

[ 5] Wang C,Guo X H.Plane-based optimization of geometry
and texture for RGB-D reconstruction of indoor scenes
[ C]//2018 International Conference on 3D Vision
(3DV) .September 5-8,2018, Verona, Italy.IEEE, 2018
533-541

[ 6] Engel J, Koltun V, Cremers D. Direct sparse odometry
[J].IEEE Transactions on Pattern Analysis and Machine
Intelligence ,2018,40(3) :611-625

[ 7] Censi A. An ICP variant using a point-to-line metric
[ C]//2008 TEEE International Conference on Robotics
and Automation. May 19-23,2008, Pasadena, CA, USA.
IEEE, 2008 ;19-25

[ 8] Low K L.Linear least-squares optimization for point-to-
plane ICP surface registration [ R ]. Chapel Hill,
University of North Carolina,2004 : TR04-004

[ 9] Biber P, Strasser W.The normal distributions transform:a
new approach to laser scan matching[ C]//Proceedings
2003 IEEE/RSJ International Conference on Intelligent
Robots and Systems(TROS 2003) ( Cat.No.03CH37453).
October 27-31,2003, Las Vegas, NV, USA.IEEE, 2003 .
2743-2748

[10] Chiu H P,Zhou X S, Carlone L, et al.Constrained optimal
selection for multi-sensor robot navigation using plug-
and-play factor graphs [ C]//2014 IEEE International
Conference on Robotics and Automation ( ICRA ). May
31-June 7, 2014, Hong Kong, China. IEEE, 2014.
663-670

[11] Shin E H.Accuracy improvement of low cost INS/GPS for
land applications[ R].UCGE Reports,2001 ;20156

[12] CaoSZ,Lu X Y,Shen S J.GVINS:tightly coupled GNSS-
visual-inertial fusion for smooth and consistent state esti-
mation [ J ]. IEEE Transactions on Robotics, 2022, 38
(4):2004-2021

[13]

[15]

[17]

[19]

[20]

[21]

[22]

Shan T X, Englot B, Meyers D, et al. LIO-SAM : tightly-
coupled lidar inertial odometry via smoothing and
mapping[ C]//2020 IEEE/RSJ International Conference
on Intelligent Robots and Systems ( IROS ), 2020.
5135-5142

Shan T X, Englot B, Ratti C,et al. LVI-SAM : tightly-cou-
pled lidar-visual-inertial odometry via smoothing and
mapping [ C ]//2021 TEEE International Conference on
Robotics and Automation, 2021 :5692-5698

Qiu X C,Zhang H,Fu W X.Lightweight hybrid visual-in-
ertial odometry with closed-form zero velocity update[ J].
Chinese Journal of Aeronautics, 2020, 33 (12 ):
3344-3359

Qin C,Ye H Y, Pranata C E, et al. LINS: a lidar-inertial
state estimator for robust and efficient navigation[ C]//
2020 IEEE International Conference on Robotics and Au-
tomation, 2020 ; 8899-8906

Niu X J,Li Y, Zhang Q, et al. Observability analysis of
non-holonomic constraints for land-vehicle navigation sys-
tems[ J].Journal of Global Positioning Systems,2012,11
(1):80-88

Li T, Pei L, Xiang Y, et al. P-LOAM. PPP/LiDAR
loosely coupled SLAM  with accurate covariance
estimation and robust RAIM in urban canyon environment
[ J].IEEE Sensors Journal ,2021,21(5) :6660-6671

Li T, Pei L, Xiang Y, et al. P*-VINS; tightly-coupled
PPP/INS/visual SLAM based on optimization approach
[ J].IEEE Robotics and Automation Letters,2022,7(3) :
7021-7027

Li X X,Wang H D,Li S Y, et al.GIL:a tightly coupled
GNSS PPP/INS/LiDAR method for precise vehicle navi-
gation[ J ].Satellite Navigation,2021,2(1) :26

Ding Z M, Yang T K, Zhang K Y, et al. VID-fusion ; robust
visual-inertial-dynamics odometry for accurate external
force estimation [ C ]//2021 IEEE International
Conference on Robotics and  Automation, 2021;
14469-14475

Gorres B, Campbell J, Becker M, et al. Absolute
calibration of GPS antennas : laboratory results and com-
parison with field and rtobot techniques [ J ]. GPS
Solutions ,2006,10(2) ;:136-145

Héroux P, Kouba J.GPS precise point positioning using
IGS orbit products [ J]. Physics and Chemistry of the
Earth,Part A Solid Earth and Geodesy,2001,26(6/7/
8):573-578

Teunissen P J G.The invertible GPS ambiguity transfor-
mations [ J ]. Manuscripta Geodaetica, 1995, 20 (6) :
489-497

TK/NET AR B SR AE GNSS K 25 B S v BRIk
FH R M AE ST B Toll i bt , 2021

Ge M, Gendt G, Rothacher M, et al. Resolution of GPS
carrier-phase ambiguities in precise point positioning
(PPP) with daily observations[ J].Journal of Geodesy,
2008,82(7) :389-399

Wiibbena G, Schmitz M, Bagge A. PPP-RTK: precise



644

(28]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[40]

point positioning using state-space representation in RTK
networks[ J | .Proceedings of the 18th International Tech-
nical Meeting of the Satellite Division of the Institute of
Navigation, ION GNSS 2005,2005 :2584-2594

Geng J, Teferle F N, Meng X, et al. Towards PPP-RTK;
ambiguity resolution in real-time precise point positioning
[J]. Advances in Space Research, 2011, 47 (10) .
1664-1673

Bortz ] E.A new mathematical formulation for strapdown
inertial navigation [ J |.IEEE Transactions on Aerospace
and Electronic Systems, 1971,AES-7(1) :61-66

Groves P D.Principles of GNSS, inertial ,and multi-sensor
integrated navigation systems [ M ].2nd ed. Boston and
London ; Artech House ,2013

Bailey T, Nieto J, Guivant J, et al. Consistency of the
EKF-SLAM [ C ]//2006 IEEE/RSJ
International Conference on Intelligent Robots and
Systems. October 9 — 15, 2006, Beijing, China. IEEE,
2006 :3562-3568

Huang G P, Mourikis A I, Roumeliotis S 1. Analysis and
improvement of the consistency of extended Kalman filter
based SLAM [ C ]//2008 IEEE International Conference
on Robotics and Automation. May 19 — 23, 2008,
Pasadena,CA ,USA.IEEE ;2008 .473-479

Huang G P,Mourikis A I, Roumeliotis S I.Observability-
EKF SLAM
of Robotics

algorithm

based rules for designing consistent

estimators [ J ]. International Journal
Research,2010,29(5) :502-528

Huang S D, Dissanayake G.Convergence and consistency
analysis for extended Kalman filter based SLAM [ J].
IEEE Transactions on Robotics,2007,23(5) :1036-1049
Li M Y, Mourikis A I.Improving the accuracy of EKF-
based visual-inertial odometry[ C]//2012 IEEE Interna-
tional Conference on Robotics and Automation. May 14—
18,2012, Saint Paul, MN,USA.IEEE,2012.828-835

Li M Y, Mourikis A I.Improving the accuracy of EKF-
based visual-inertial odometry[ C]//2012 IEEE Interna-
tional Conference on Robotics and Automation. Saint
Paul ,MN, USA.IEEE,2012.828-835

Huai Z,Huang G Q.Robocentric visual-inertial odometry
[ C]//2018 IEEE/RSJ International Conference on Intel-
ligent Robots and Systems ( IROS) . October 1-5,2018,
Madrid , Spain.IEEE,2018 :6319-6326

Lynen S, Achtelik M W, Weiss S, et al. A robust and
modular multi-sensor fusion approach applied to MAV
[ C ]/72013 IEEE/RSJ]
Conference on Intelligent Robots and Systems. November
3-7,2013,Tokyo, Japan.IEEE,2013,:3923-3929
Bonnabel S.Left-invariant extended Kalman filter and at-
titude estimation [ C ]//2007 46th IEEE Conference on
Decision and Control.December 12—-14,2007,, New Orle-
ans, LA, USA.IEEE,2007.:1027-1032

Bonnable S, Martin P, Salaiin E. Invariant extended

navigation International

Kalman filter; theory and application to a velocity-aided
attitude estimation problem[ C]//Proceedings of the 48h

[41]

[42]

(48]

[49]

eI AT E W VA RS 7

PEI Ling,et al. A survey of multi-source fusion positioning algorithms.

IEEE Conference on Decision and Control ( CDC) held
jointly with 2009 28th Chinese Control Conference. De-
cember 15 - 18, 2009, Shanghai, China. IEEE, 2009 .
1297-1304

Barrau A, Bonnabel S.An EKF-SLAM algorithm with con-
sistency properties [ J ].
1510.06263

Wu K Z,Zhang T,Su D, et al.An invariant-EKF VINS al-
gorithm for improving consistency|[ C]//2017 IEEE/RSJ
International Conference on Intelligent Robots
Systems ( IROS ) . September 24 — 28, 2017, Vancouver,
BC, Canada.lEEE,2017.1578-1585

Heo S, Park C G. Consistent EKF-based visual-inertial
odometry on matrix Lie group[ J].IEEE Sensors Journal
2018,18(9) :3780-3788

Brossard M, Bonnabel S, Barrau A.Invariant Kalman filte-
SLAM [ C ]//2018 21st
Conference  on Fusion
(FUSION). July 10-13, 2018, Cambridge, UK. IEEE,
2018:2021-2028

Hua T,Pei L,Li T,et al.12-SLAM ; fusing infrared camera

and IMU for simultaneous localization and mapping

arXiv e-print, 2015, arXiv:

and

ring for visual inertial

International Information

[ M]//Proceedings of 2021 International Conference on
Unmanned Systems ( ICAUS 2021 ).
Singapore ; Springer Singapore 2022 ;2834-2844

Chen L,Sun L B, Yang T,et al. RGB-T SLAM:a flexible
SLAM framework by combining appearance and thermal
information[ C]//2017 IEEE International Conference on
Robotics and Automation. May 29 - June 3, 2017,
Singapore.IEEE ;2017 : 5682-5687

Wang R C,Pei L,Chu L, et al. DVT-SLAM : deep-learning
based visible and thermal fusion SLAM [ M ]//Lecture
Notes in Electrical Engineering. Singapore : Springer Sin-
gapore ,2021 :394-403

Zhou Y, Gallego G, Shen S J.Event-based stereo visual
odometry[ J]. IEEE Transactions on Robotics, 2021, 37
(5):1433-1450

Rebecq H, Horstschaefer T, Gallego G,et al. EVO:a geo-
metric approach to event-based 6-DOF parallel tracking

Autonomous

and mapping in real time[ J].TEEE Robotics and Auto-
mation Letters,2017,2(2) :593-600

Davison A J,Reid I D, Molton N D, et al. MonoSLAM .
real-time single camera SLAM[ J].IEEE Transactions on
Pattern Analysis and Machine Intelligence ,2007,29(6) :
1052-1067

Engel J,Schops T, Cremers D.LSD-SLAM :; large-scale di-
rect monocular SLAM [ M ]//Computer Vision - ECCV
2014. Cham: Springer International Publishing, 2014
834-849

Forster C,Pizzoli M ,Scaramuzza D.SVO:fast semi-direct
[ C 1772014 IEEE
International Conference on Robotics and Automation.
May 31— June 7,2014, Hong Kong, China. IEEE, 2014 .
15-22

LiJ Q,Pei L,Zou D P, et al. Attention-SLAM ; a visual

monocular  visual  odometry



> 12 4 < 7 ]
H 71 R 24 2 IRNBFRERD ,2022,14(6) :635-648
Journal of Nanjing University of Information Science & Technology ( Natural Science Edition) ,2022,14(6) :635-648

[55]

[56]

[57]

[63]

[64]

[65]

monocular SLAM learning from human gaze [ J |. [EEE
Sensors Journal ,2021,21(5) :6408-6420

Li BY,Zou D P,Sartori D, et al.TextSLAM ; visual SLAM
with planar text features [ C]//2020 IEEE International
Conference on Robotics and Automation. May 17 - 21,
2020, Paris , France.IEEE ,2020.2102-2108

Pei L, Liu K,Zou D P, et al. IVPR: an instant visual
place recognition approach based on structural lines in
world [ J ].
Instrumentation and Measurement, 2020, 69 ( 7 ):
4173-4187

Montemerlo M, Thrun S, Koller D, et al.FastSLAM ; a fac-
tored solution to the simultaneous localization and
mapping problem[ J].AAAI/TAAI,2002,593598

Grisetti G, Stachniss C, Burgard W. Improved techniques

Manhattan IEEE  Transactions on

for grid mapping with Rao-blackwellized particle filters
[ J].IEEE Transactions on Robotics,2007,23( 1) :34-46
Kohlbrecher S,von Stryk O,Meyer J,et al.A flexible and
scalable SLAM system with full 3D motion estimation
[ C]//2011 IEEE International Symposium on Safety , Se-
curity, and Rescue Robotics. October 31 — November 5,
2011, Kyoto, Japan.IEEE ,2011 ; 155-160

Konolige K, Grisetti G, R Kiimmerle, et al. Efficient
sparse pose adjustment for 2D mapping [ C ]//2010
IEEE/RS] International Conference on Intelligent Robots
and Systems.October 18-22,2010, Taipei, Taiwan.IEEE
2010.DOI:10.1109/TR0S.2010.5649043

Hess W, Kohler D, Rapp H, et al.Real-time loop closure
in 2D LIDAR SLAM[ C]//2016 IEEE International Con-
ference on Robotics and Automation.May 16-21,2016,
Stockholm , Sweden.IEEE ,2016:1271-1278

Zhang J,Singh S.LOAM:lidar odometry and mapping in
real-time[ J ].Robotics ; Science and Systems, 2014.DOI
10.15607/RSS.2014.X.007

Shan T X, Englot B. LeGO-LOAM: lightweight and
ground-optimized lidar odometry and mapping on variable
terrain [ C ]//2018 IEEE/RSJ International Conference
on Intelligent Robots and Systems(IROS).October 1-5,
2018,New York.ACM,2018.4758-4765

Deschaud J E. IMLS-SLAM: scan-to-model matching
based on 3D data[ C]//2018 IEEE International Confer-
ence on Robotics and Automation. May 21 - 25, 2018,
Brisbane , QLD , Australia.IEEE , 2018 ; 2480-2485

Pan Y ,Xiao P C,He Y J,et al. MULLS ; versatile LIDAR
SLAM via multi-metric linear least square [ J].arXiv
e-print, 2021, arXiv.:2102.03771

Li F F, Perona P. A Bayesian hierarchical model for
learning natural scene categories[ C]//2005 IEEE Com-
puter Society Conference on Computer Vision and Pattern
Recognition. June 20 - 25, 2005, San Diego, CA, USA.
IEEE,2005 :524-531

Li L J,Su H,Xing E P, et al. Objectbank : a high-level
image representation for scene classification & semantic
feature sparsification [ J ]. Proceedings of the 23rd Inter-

national Conference on Neural Information Processing

[67]

[70]

[72]

645

Systems ,2010,2:1378-1386

Zhou B L, Lapedriza A,Khosla A, et al.Places:a 10 mil-
lion image database for scene recognition [ J]. IEEE
Transactions on Pattern Analysis and Machine Intelli-
gence,2018,40(6) : 1452-1464

Wen W S,Hsu L T,Zhang G H.Performance analysis of
NDT-based graph SLAM for autonomous vehicle in
diverse typical driving scenarios of Hong Kong [J].
Sensors ( Basel , Switzerland ) ,2018,18( 11) :3928
Hewitson S, Wang J L.Extended receiver autonomous in-
tegrity monitoring ( eRAIM ) for GNSS/INS integration
[J].Journal of Surveying Engineering, 2010, 136 (1) ;
13-22

Gakne P V, OKeefe K. Tightly-coupled GNSS/vision
using a sky-pointing camera for vehicle navigation in
urban areas [ J ]. Sensors ( Basel , Switzerland ) , 2018, 18
(4).1244

Wen W S.3D LiDAR aided GNSS and its tightly coupled
integration with INS via factor graph optimization[ C]//
33rd International Technical Meeting of the Satellite Di-
vision of the Institute of Navigation( ION GNSS+ 2020) ,
2020.DOI,10.33012/2020.17557

Dai W C,Zhang Y,Li P,et al. RGB-D SLAM in dynamic
environments using point correlations[ J ].IEEE Transac-
tions on Pattern Analysis and Machine Intelligence,
2022,44(1) :373-389

Qian C L,Xiang Z H, Wu Z R, et al. RF-LIO; removal-
first tightly-coupled lidar inertial odometry in high
[ C 1772021 IEEE/RSJ
International Conference on Intelligent Robots and
Systems (IROS) .September 27-October 1,2021, Prague,
Czech Republic.1IEEE 2021 .4421-4428

Sukumar S R, Bozdogan H, Page D L, et al. Sensor

dynamic  environments

selection using information complexity for multi-sensor
mobile robot localization [ C ]//Proceedings 2007 TEEE
International Conference on Robotics and Automation.
April 10-14,2007,,Rome, Italy.IEEE, 2007 : 4158-4163
Bian F,Kempe D, Govindan R.Utility-based sensor selec-
tion[ C]//2006 5th International Conference on Informa-
tion Processing in Sensor Networks. April 19-21,2006,
Nashville, TN, USA.IEEE, 2006 11-18

Shamaiah M, Banerjee S, Vikalo H.Greedy sensor selec-
submodularity [ C ]//49th IEEE
Conference on Decision and Control. December 15-17,
2010, Atlanta, GA ,USA.IEEE,2010.:2572-2577

Joshi S, Boyd S.Sensor selection via convex optimization
[J].IEEE Transactions on Signal Processing, 2009, 57
(2):451-462

Dissanayake G,Sukkarieh S,Nebot E,et al.The aiding of

a low-cost strapdown inertial measurement unit using ve-

tion: leveraging

hicle model constraints for land vehicle applications[ J].
IEEE Transactions on Robotics and Automation,2001,17
(5):731-747

Niu X J, Nassar S, El-Sheimy N.An accurate land-vehicle
MEMS IMU/GPS navigation system using 3D auxiliary



646

[80]

[81]

[82]

[83]

[86]

(89]

[90]

velocity updates[ J].Navigation,2007,54(3) :177-188
Yang H J, Fan X Z, Shi P, et al. Nonlinear control for
tracking and obstacle avoidance of a wheeled mobile
with [ J]. IEEE
Transactions on Control Systems Technology, 2016, 24
(2).741-746

Scaramuzza D, Fraundorfer F, Pollefeys M, et al. Absolute

robot nonholonomic  constraint

scale in structure from motion from a single vehicle
mounted camera by exploiting nonholonomic constraints
[ C]//2009 IEEE 12th International Conference on Com-
puter Vision. September 29 — October 2, 2009, Kyoto,
Japan.IEEE, 2009 1413-1419

XURE AT, B Wt % , 2. AE 58 8 25 OD/SINS A
MR U [ )] a5, 2022,51(1) :9-17
LIU Wanke, NONG Qi, TAO Xianlu, et al. OD/SINS
adaptive integrated navigation method with non-holonomic
constraints[ J].Acta Geodaetica et Cartographica Sinica,
2022,51(1) :9-17

Zhang 7Z X,Niu X J,Tang H L, et al. GNSS/INS/0ODO/
wheel angle integrated navigation algorithm for an all-
wheel steering robot[ J | .Measurement Science and Tech-
nology ,2021,32(11) : 115122

Shin E H.Estimation techniques for low-cost inertial navi-
gation[ D ].Calgary, Canada ; University of Calgary,2005
Ben Y Y, Yin G S, Gao W, et al. Improved filter
estimation method applied in zero velocity update for
SINS [ C ]//2009 Conference  on
Mechatronics and Automation. August 9 — 12, 2009,
Changchun , China.IEEE ,2009 :3375-3380

D BUR R TR G AL 3l S F AR IE
FOR[I] A EBHERAR ¥4, 2008,16(3) :265-268
FANG Jing, GU Qitai, DING Tianhuai. Dynamic zero ve-
locity update for vehicle inertial navigation system|[ ] ].
Journal of Chinese Inertial Technology, 2008, 16 (3) :
265-268

Liu W, Zhang Z. Research on zero velocity update for

International

high-precision land-vehicle inertial navigation system
[ J].Navigation and Control,2013,12(2) ;29-33

o BB E L RS R /R SR AR BT[] R
T AR 23 ,2000,8(4) :6-12,20

GAO Zhongyu.Kalman filter design of inertial positioning
system[ J].Journal of Chinese Inertial Technology,2000,
8(4):6-10,20

Li X F,Mao Y L, Xie L, et al. Applications of zero-
velocity detector and Kalman filter in zero velocity update
for inertial navigation system[ C]//Proceedings of 2014
IEEE Chinese Guidance, Navigation and Control Confer-
ence. August 8 — 10, 2014, Yantai, China. IEEE, 2014 .
1760-1763

FEEBH IV, e A, 4 505 2R e Y A TR AR B
FELI].RGEATEF 47, 2008,20( 17) :4639-4642

BEN Yueyang,SUN Feng, GAO Wei, et al.Study of zero
velocity update for inertial navigation [ J ]. Journal of
System Simulation,2008,20( 17) :4639-4642
Grejner-Brzezinska D A, Yi Y D, Toth C K.Bridging GPS

[94]

[100]

[101]

[102]

[103]

eI AT E W VA RS 7

PEI Ling,et al. A survey of multi-source fusion positioning algorithms.

gaps in urban canyons : the benefits of ZUPTs[ J].Naviga-
tion,2001,48(4) :216-226

Ramanandan A,Chen A N,Farrell J A.Inertial navigation
aiding by stationary updates [ J ]. IEEE Transactions on
Intelligent Transportation Systems,2012,13( 1) ;235-248
Davidson P, Hautamiki J, Collin J, et al.Improved vehicle
positioning in urban environment through integration of
GPS and low-cost inertial sensors [ C ]//Proceedings of
the European Navigation Conference (ENC’09).May 4 -
6,2009, Naples, Ttaly.2009 : 101-107

Kasameyer P W, Hutchings L, Ellis M F, et al. MEMS-
based INS tracking of personnel in a GPS-denied envi-
ronment[ J].Proceedings of the 18th International Tech-
nical Meeting of the Satellite Division of the Institute of
Navigation,ION GNSS 2005,2005 :949-955

Ojeda L, Borenstein J.Non-GPS navigation with the per-
system [ C ]//SPIE Defense
Security Conference, Unmanned Systems Technology IX.
April 9-13, 2007, Orlando, Florida, USA. 2007, 6561 .
110-120

Yu H.An algorithm to detect zero-velocity in automobiles

sonal dead-reckoning

using accelerometer signals [ J ]. Ritala Ristopiché
Robert, 2009

Ramanandan A, Chen A, Farrell J A, et al. Detection of
stationarity in an inertial navigation system [ C ]//Pro-
ceedings of the 23rd International Technical Meeting of
the Satellite Division of the Institute of Navigation ( ION
GNSS 2010) ,2010.238-244

Geneva P, Eckenhoff K, Lee W, et al. OpenVINS: a
research platform for visual-inertial estimation [ C ]//
2020 IEEE International Conference on Robotics and Au-
tomation.May 17-21, 2020, Paris, France. IEEE, 2020,
4666-4672

Petovello M G, Mezenisev O, Lachapelle G, et al. High
sensitivity GPS velocity updates for personal indoor navi-
systems [ C ]//
Proceedings of the 16th International Technical Meeting

gation using inertial navigation
of the Satellite Division of the Institute of Navigation
(ION GPS/GNSS 2003) ,2003 : 2886-2896

Mezentsev O, Collin J, Lachapelle G.Vehicular navigation
in urban canyons using a high sensitivity GPS receiver
augmented with a medium-grade IMU [ C]//10th Saint
Petersburg International Conference on Integrated Navi-
gation Systems,2003 :64-70

Zampella F,Khider M, Robertson P, et al. Unscented Kal-
man filter and magnetic angular rate update( MARU) for
an improved pedestrian  dead-reckoning [ C ]//
Proceedings of the 2012 IEEE/ION Position, Location
and Navigation Symposium. April 23 - 26, 2012, Myrtle
Beach,SC,USA.IEEE,2012:129-139

Rajagopal S.Personal dead reckoning system with shoe
mounted inertial sensors [ R ]. Master’s Degree Project,
Stockholm , Sweden ,2008 . 013

Wan E A, Van Der Merwe R. The unscented Kalman

filter for nonlinear estimation [ C ]//Proceedings of the



> 12 4 < 7 ]
H 71 R 24 2 IRNBFRERD ,2022,14(6) :635-648
Journal of Nanjing University of Information Science & Technology ( Natural Science Edition) ,2022,14(6) :635-648

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

IEEE 2000 Adaptive Systems for Signal Processing, Com-
munications , and Control Symposium( Cat.No.00EX373).
October 4,2000, Lake Louise, AB, Canada. IEEE, 2000,
153-158
Wang R Z,Zou D P,Xu C Q,et al. An aerodynamic mod-
el-aided state estimator for multi-rotor UAVs[ C]//2017
IEEE/RS] International Conference on Intelligent Robots
and Systems ( IROS ). September 24 — 28, 2017, New
York: ACM,2017:2164-2170
Nisar B, Foehn P, Falanga D, et al. VIMO ; simultaneous
visual inertial model-based odometry and force estimation
[ J].IEEE Robotics and Automation Letters,2019,4(3) .
2785-2792
Ribeiro M I. Kalman and extended Kalman filters:
concept, derivation and properties [ R ]. Institute for
Systems and Robotics Lisboa Portugal ,2004 ;46
Carpenter J, Clifford P, Fearnhead P.Improved particle
filter for nonlinear problems[ J ].IEE Proceedings-Radar,
Sonar and Navigation, 1999,146(1) :2-7

Weiss S, Achtelik M W, Lynen S, et al. Real-time
self-
calibration of MAVs in unknown environments [ C ]//
2012 IEEE International Conference on Robotics and Au-
tomation. May 14-18,2012, Saint Paul, MN, USA.IEEE,
2012:957-964
Falquez ] M,Kasper M, Sibley G.Inertial aided dense &
semi-dense methods for robust direct visual odometry
[ C]//2016 IEEE/RS]J International Conference on Intel-
ligent Robots and Systems (IROS).October 9-14,2016,
Daejeon , Korea( South) .TEEE,2016;3601-3607

Se S, Lowe D, Little J J. Mobile robot localization and

onboard visual-inertial state estimation and

mapping with uncertainty using scale-invariant visual
landmarks[ J ].The International Journal of Robotics Re-
search,2002,21(8) :735-760

Jones E S, Soatto S. Visual-inertial navigation, mapping
and localization; a scalable real-time causal approach
[J]. The International Journal of Robotics Research,
2011,30(4) :407-430

Bloesch M, Omari S, Hutter M, et al. Robust visual
inertial odometry using a direct EKF-based approach
[ C]//2015 IEEE/RS]J International Conference on Intel-
ligent Robots and Systems ( IROS ). September 28 —
October 2, 2015, Hamburg, Germany. IEEE, 2015.
298-304

Mourikis A 1, Roumeliotis S I. Amulti-state constraint
Kalman filter for vision-aided inertial navigation[ C ]//
2007 1EEE International Conference on Robotics and Au-
tomation. April 10 - 14,2007, Rome, ltaly. IEEE | 2007 .
3565-3572

Sun K,Mohta K, Pfrommer B, et al. Robust stereo visual
inertial odometry for fast autonomous flight[ J ] .IEEE Ro-
botics and Automation Letters,2018,3(2) :965-972

Zou D P,Wu Y X, Pei L,et al.StructVIO ; visual-inertial

odometry with structural regularity of man-made environ-

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127)

647

ments[ J].IEEE Transactions on Robotics,2019,35(4) .
999-1013

Srinara S,Lee C M, Tsai S, et al.Performance analysis of
3D NDT scan matching for autonomous vehicles using
INS/GNSS/3D LiDAR-SLAM integration scheme[ C]//
2021 IEEE International Symposium on Inertial Sensors
and Systems.March 22-25,2021, Kailua-Kona, HI, USA.
IEEE,2021.1-4

Schiitz A, Sanchez-Morales D E, Pany T.Precise positio-
ning through a loosely-coupled sensor fusion of GNSS-
RTK,INS and LiDAR for autonomous driving[ C]//2020
IEEE/ION Position, Location and Navigation Symposium
(PLANS) . April 20-23,2020, Portland, OR, USA.TIEEE,
2020.219-225

Chiang K W, Tsai G J,Chang H W, et al.Seamless navi-
gation and mapping using an INS/GNSS/grid-based
SLAM semi-tightly coupled integration scheme[ J ].Infor-
mation Fusion,2019,50.181-196

Chiang K W, Tsai G J,Chu H J, et al. Performance en-
hancement of INS/GNSS/refreshed-SLAM integration for
acceptable lane-level navigation accuracy [ J ]. IEEE
Transactions on Vehicular Technology, 2020, 69 (3) :
2463-2476

Besl P J,McKay N D.A method for registration of 3-D
shapes[ J ].IEEE Transactions on Pattern Analysis and
Machine Intelligence,1992,14(2) :239-256

Qin T, Cao S,Pan J,et al. A general optimization-based
framework for global pose estimation with multiple
sensors[ J |.arXiv e-print,2019,arXiv;1901.03642

Gong Z, Liu P L, Wen F, et al. Graph-based adaptive
fusion of GNSS and VIO under intermittent GNSS-
degraded environment [ J ].IEEE Transactions on Instru-
mentation and Measurement,2021,70.1-16

Li X X, Wang X B, Liao J C, et al.Semi-tightly coupled
integration of multi-GNSS PPP and S-VINS for precise
positioning in  GNSS-challenged environments [ J ].
Satellite Navigation,2021,2(1) :1-14

Wang Z Q,Li M, Zhou D K, et al. Direct sparse stereo
visual-inertial global odometry[ C]//2021 IEEE Interna-
tional Conference on Robotics and Automation. May 30—
June 5,2021,Xi’an, China.IEEE 2021 ; 14403-14409

Liu J X, Gao W, Hu Z Y. Optimization-based visual-
inertial SLAM tightly coupled with raw GNSS measure-
ments[ C]//2021 IEEE International Conference on Ro-
botics and Automation. May 30 — June 5, 2021, Xi’an,
China.TEEE,2021.11612-11618

Wu K J, Guo C X, Georgiou G, et al. VINS on wheels
[C]//2017 1EEE International Conference on Robotics
and Automation.May 29-June 3,2017, Singapore. I[EEE
2017 :5155-5162

Moore T,Stouch D.A generalized extended Kalman filter
implementation for the robot operating system [ M ]//In-
telligent Autonomous Systems 13.Cham ; Springer Interna-

tional Publishing,2015.335-348



eI AT E W VA RS 7

648 PEI Ling,et al. A survey of multi-source fusion positioning algorithms.

A survey of multi-source fusion positioning algorithms

PEI Ling' LI Tao' HUA Tong' YU Wenxian'
1 Shanghai Key Laboratory of Navigation and Location-based Services, Shanghai Jiao Tong University ,Shanghai 200240

Abstract With the emergence of autonomous navigation systems such as robots and unmanned vehicles, positioning
and navigation technology has developed rapidly in the past 20 years. However, new user requirements have been
raised for update of positioning and navigation, which include reliable positioning and navigation ability in any envi-
ronment at any time and on any platform.Multi-source fusion positioning algorithm is the only feasible way to achieve
this goal.Based on the sensor model, scene model and vehicle dynamics model , we summarize positioning methods of
GNSS, inertial navigation, visual sensor,and LiDAR.Then we analyze the influence that the positioning scene and
vehicle dynamics pose on the multi-source fusion positioning. Finally, the multi-source fusion positioning algorithms
are detailed under two fusion framework categories of optimization and filtering.

Key words multi-source fusion ; positioning and navigation ; simultaneous localization and mapping( SLAM)



