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Tightly-coupled SLAM method for unmanned ground vehicles based on
factor graph optimization with multi-sensor information constraints
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(1. School of Automation, Harbin University of Science and Technology, Harbin 150080, China;
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Abstract: Multi-sensor simulataneous localization and mapping ( SLAM ) mitigates single-sensor limitations, yet current methods still
face challenges such as monocular scale ambiguity, inaccurate intrtial measurement unit (IMU) initialization, and limited local mapping
precision. This paper proposes a tightly-coupled, factor graph-based SLAM approach that fuses data from three heterogeneous sensors: a
3D light detection and ranging (LiDAR), an IMU, and a camera. For initialization, LiDAR data provides depth for visual features, and
outliers are removed through neighborhood selection and statistical optimization to improve accuracy. Visual, LiDAR, and IMU data are
then fused to jointly estimate IMU biases and gravity direction, reducing vertical map drift. For local optimization, factor graphs
dynamically maintain keyframes and local maps within sliding windows. Visual constraints are refined through co-visibility projection
matching, efficiently purging redundant map points while boosting accuracy and robustness. Global optimization incorporates loop-closure
factors detected via specialized algorithms and applies incremental optimization to the factor graph, suppressing cumulative error without
compromising real-time performance. The proposed method is evaluated on KITTI, M2UD extreme weather, and real-campus datasets. It
reduces the absolute trajectory error by 53. 1% on KITTI, 66% in M2UD rain/snow scenarios, and 20.3% in campus environments

compared to LIO-SAM. The resulting maps exhibit higher structural consistency and geometric accuracy in both overhead and side views.
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Fig. 1 Algorithm framework diagram
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Fig.2 Projected point cloud and feature point boxes
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Fig. 4 Trajectory comparison: Proposed method vs. other algorithms vs. ground truth (KITTI 00, 07, 09)
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Table 1 The absolute pose error of this method is compared with other algorithms on the KITTI sequences 07, 09, and 00

(m)
. SRR ¥R
ok 07 J¥ 41 09 J¥ %1 00 741 07 J¥ 51 09 J¥51 00 J741
ATy 0.507 433 5.356 368 4.598 594 0.541 544 5.750 955 5.004 418
LIO-SAM 0. 858 806 7.530 672 12. 699 085 0.997 812 9.574 961 13.746 166
LOAM 1. 676 901 8. 059 945 40. 873 700 2.009 622 10. 536 044 44,254 326
VINS-MONO 10. 593 748 51.343 098 36. 796 060 11. 698 526 66. 577 785 40. 043 853




5510 1]

e 55 2L RGHE B AR T TR PRI TN 4 SR 4 SLAM Fik 363

45.45% 5 LOAM F&{K T 73% ; X} F KITTI0O0, 7% 4. 3%
RMSE N 5 m, 525 FHEAGHLSE 25, HOKS B AR 4 A A
LA MBI () LIO-SAM 42T+ T 73. 8% , LOAM [A k=
(] ERAGI 177 H B K 0 2 B2, VINS-MONO 3 H 7% [7] 31 A4S
I AEATS PR) A K ) A R B i 25 T B RS X T
KITTIO9, iZ37 5 F , AR5 % RMSE 4 5. 75 m, ¢ LIO-SAM
T T 39.95% , B LOAM 42 F+ T 45.23%, ifij VINS-
MONO 7EL 7 5 T8 R a, LR as R R, A4
PR A VRS B R P T A O T L

2) KITTI %l 48 S vk

H T VA AR L i 17 & 24t RS T U AR
7 \LI0-SAM #.3% \LOAM %5 F VINS-MONO 53 ik 7E 5k
PRt D IEATPRAL , SF Y PR B R AN 2 BR, SCE
SR TEM R BE 5E AR B 1 57 25 4 B [ 12 T
VINS-MONO % 3, 5 LIO-SAM #8404, 3 B th T
LOAM 5k,

US55 T L6 5 %€ VINS-MONO , (H A S 2538
RG22 BAREOE, AR R L BA B A

(a) HE 185 )R ¥ PR 4R

(a) Mapping and local image data

27. 39 ms A9 EAMT AL R 8] 58 423 L SERT AR PR SR

&R 2 KITTI £z 1TRT ]

Table 2 Average running time (ms)
Ik 00731 09 %3 07§51 FHEEATHT
A7k 26.43 27.35 28.39 27.39
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VINS-MONO  20. 61 22.05 21.39 21.35
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Fig.5 Localization results in M2UD
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Table 3 Comparison of ATE between the proposed method and other open-source algorithms in M2UD (m)

ik BB FHR 2 122 LR IR 2 bR 22 H/MRZE R
AR5k 0.413 328 0. 396 032 0. 392 463 0.118 318 0. 061 105 0.938 775
LIO-SAM 1.217 340 1. 196 263 1.194 162 0. 225 545 0. 249 709 1. 662 063

LOAM 7.213 061 5.771 683 3. 862 442 4.326 190 0. 808 366 17.258 294

LEGO-LOAM 1. 439 630 1. 400 227 1. 424 385 0.334 510 0.404 186 2.109 201

b
K7 AEBSIEANGELRG

Fig.7  Autonomous mobile robot experimental platform
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Fig. 8 Localization results in scene 1
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Table 4 Comparison of ATE between the proposed method and other open-source algorithms in scene 1  (m)
i ¥ormes 4R 22 2P ALK 225 2% /MR 2E IEUNT S
AKIT5 ik 1.1027 78 1. 043 083 0. 982 679 0. 357 906 0.279 195 1. 949 848
LIO-SAM 1. 221 246 1. 127 068 1. 086 076 0.470 275 0. 199 305 2. 875 828
LOAM 2.487 693 2.201 359 1.792 623 1. 158 720 0. 683 747 5. 479 859
LEGO-LOAM 1. 872 708 1.512 951 1.122 339 1. 103 637 0. 136 086 5. 988 046
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Table 5 Comparison of ATE between the proposed method and other open-source algorithms in scene 2  (m)
YIRS ¥y MR TR RZE AL RV J5 2% /MR R IRE
AT 2.416 33 2.154 49 1. 889 47 1. 093 99 0.547 17 5.642 17
LIO-SAM 3. 497 68 2.937 96 2.321 60 1. 897 94 0.570 31 8. 486 69
LOAM 10.737 21 8.431 86 6.252 22 6. 647 66 1.316 77 29.315 88
LEGO-LOAM 7.742 61 6. 629 55 6.227 82 3.999 63 0. 387 26 18.372 12
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(a) Top-down view of scene (b) Side view of scene 1
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Fig. 12 Real-vehicle mapping effects of different algorithms in scene 1

LEGO-LOAM

LEGO-LOAM

LOAM

(a) FROMRE (b) FHEMBE

(a) Top-down view of scene 2 (b) Side view of scene 2
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Fig. 13 Real-vehicle mapping effects of different algorithms in scene 2
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Table 6 Average running time

ik A i) A e el $ﬂ3mﬁ %/ Hy
Y5t I/ms 5t 2/ms 1]/ ms
A7k 27.43 31.35 29.39 34.02
LIO-SAM 28. 46 30. 08 29.27 34.17
LOAM 54,62 56. 48 55.55 18. 00
LEGO-LOAM 26.76 27.98 27.37 36. 54
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