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Tightly-Coupled GNSS-LiDAR-Inertial State Estimator
for Mapping and Autonomous Driving
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Abstract: We introduce tightly-coupled GNSS-LiDAR-Inertial state estimator, which is capable of
SLAM (Simultaneously Localization and Mapping) and autonomous driving. Long term drift is one of
the main sources of estimation error, and some LiDAR SLAM framework utilize loop closure to overcome
this error. However, when loop closing event happens, one’s current state could change abruptly and
pose some safety issues on drivers. Directly utilizing GNSS (Global Navigation Satellite System)
positioning information could help alleviating this problem, but accurate information is not always
available and inaccurate vertical positioning issues still exist. We thus propose our method which
tightly couples raw GNSS measurements into LiDAR-Inertial SLAM framework which can handle
satellite positioning information regardless of its uncertainty. Also, with NLOS (Non-light-of-sight)
satellite signal handling, we can estimate our states more smoothly and accurately. With several autonomous
driving tests on AGV (Autonomous Ground Vehicle), we verified that our method can be applied to

real-world problem.
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[Fig. 1] Overall factor graph diagram for our system. System
utilizes LiDAR odometry, IMU pre-integration, GNSS clock
bias, clock bias rate, code pseudorange, and doppler frequency
shift measurement. For GNSS-LIO initialization, sliding window
is used to track local drift-free state variables'
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NLOS. The darker the red is, the higher obstacles’ density
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[Fig. 3] Hardware system for data acquisition and autonomous
driving test. Our system consists of LiDAR, IMU and low cost
GNSS receiver on 4-wheeled UGV (Unmanned Ground Vehicle)
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[Fig. 4] Example of data acquisition environment. Left place is
unstructured place with greeneries (sequence 1,3, and 4), and
right is partially structured placed with some man-made structures
(sequence 2)

[Table 1] End-to-end translation error of GLIO and LIO-SAM
(without loop closure) for each sequence (in meters)

GLIO LIO-SAM P!
Sequence 1 0.04498 0.07502
Sequence 2 0.48934 0.3945
Sequence 3 1.08757 1.20461
Sequence 4 0.47547 5.41202
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[Fig. 5] Reconstructed pointcloud map and resulting trajectories of each state estimators. Four different sequences were used for
evaluation, and pointcloud maps are overlapped on the satellite images. Overall mapping results show that our system could reconstruct

the real-world environment
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[Table 2] End-to-end translation error (in meters) of each algorithm
for sequence 4. Total error consists of spatial and vertical error.
LIO-GPS denotes loosely-coupled LIO-SAM with (pre-built)
GPS factor

GLIO LIO-SAM LIO-GPS
error [m] 0.47547 5.41202 7.42899
—— LIO + GPS

— LIO

/ — GLIO
E Wi
N —lD 1 '-— - . F E :

0 50 100 150 200 250
x [m]

[Fig. 6] Vertical (z) axis translation error plot of sequence 4.
Regarding that the start and end positions are the same, only
GLIO could estimate z-position accurately
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[Table 3] Absolute Pose Error (in meters) of each algorithm for
UrbanNav TST dataset. GLIO w/o NLOS refers to our suggested
method (GLIO) without NLOS detection and handling part. Results
(the lower the better) indicate that tightly-coupled GNSS-LIO
with NLOS handling outperforms others

GLIO
LIO-SAM (wlo NLOS) GLIO
Mean 4.286 5.739 3.227
Median 3.650 3.628 2.787
RMSE 4916 7.226 3.669

/

[Fig. 7] Three trajectories used for autonomous driving test. We
refer to them as S-shaped, U-shaped, and O-shaped, respectively
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[Table 4] Translation error (in meters) of each autonomous driving
test path. Among the smooth waypoints, we sampled four and
calculated the translation error between the waypoint and robot

Waypoint #1 #2 #3 #4
S-shape Path | 0.08900 | 0.713925 | 0.620904 | 0.108850
U-shape Path | 1.051110 | 1.082438 | 0.913918 | 1.038486
O-shape Path | 0.058741 | 0.087027 | 0.425477 | 0.452374
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