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Abstract: With the increasing demand for autonomous operation of ground robots in complex environments, higher requirements are
imposed on the accuracy and robustness of simultaneous localization and mapping ( SLAM) technology. Aiming at the three core
challenges of vertical drift, dynamic interference and cumulative error faced by light detection and ranging ( LiDAR) SLAM systems in
complex terrain environments including stairs, slopes, dynamic urban scenarios and long corridors, this paper proposes a LIDAR SLAM
method for ground robots operating in complex Environments. The proposed method dynamically identifies reliable ground structures
through principal normal analysis. It introduces ground constraints in flat regions to suppress vertical drift, and adaptively relaxes
constraints in unstructured terrains such as stairs and slopes to mitigate the adverse impact of inappropriate constraints on pose
estimation, reducing the vertical component of absolute trajectory error ( ATE) by more than 85%. To tackle the interference of dynamic
objects, dynamic targets are distinguished based on motion consistency across multi-frame point clouds, and sliding window optimization
is employed to improve the efficiency of dynamic point removal. Meanwhile, a LinK3D descriptor based on local geometric structures is
introduced to enhance the representation capability of environmental structural information. An adaptive loop closure triggering
mechanism integrating fast retrieval of a bag-of-words model and precise lterative Closest Point registration is adopted to realize efficient

and accurate loop closure detection. Experiments conducted on a self-developed ground robot platform demonstrate that the proposed
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method outperforms mainstream baseline methods in most complex scenarios when loop closure is disabled. After enabling loop closure,

its Absolute Trajectory Error is further reduced by approximately 8. 7% compared with the version without loop closure. Relative to the

best-performing comparative algorithm, the accuracy of the proposed method is improved by about 32.3% with loop closure activated,

which fully validates its high precision and strong robustness in real-world complex environments.

Keywords : SLAM ; ground robots; ground constraints; dynamic filtering; loop closure detection
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Fig. 1 System architecture
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Fig.2 Schematic diagram of point cloud detection for

ascending and descending stairs
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Sm, FEBsEEEM, 455 0.5 m &5 0.3 rad fAE
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K4 Hmblas NG
Fig.4  Ground robot platform

WAIE, W 35 22 R LRI | BRAS A TRTRS 30 5T T AR AN IR 5
RGN AR T 5 AT REPE, X E ST R R Y
SERF BN A E HI (real-time kinematic, RTK) 45 & = B 2%
PR R 4 b T B SCHHE . 6P T8 RTK 4B 45109 = N7
3], H it AR RS Rl A SLAM Bk B R UM . 1B
FASEKGE R B GE B R R T A
(L

TR WLHB AR BT B A B O s SRR AR R )T R
FH 4 B SLAM 92 BEAT X5 LE 52 56, A0 45 4L LiDAR 1)
SLAM J5 i, 4l A-LOAM ' ; B T E{ 45 B i F) J7 7 KISS-
ICP'®'(in defense of point-to-point ICP-simple, accurate,
and robust registration if done the right way) PA & LIO J532%,
I LIO-SAM™ Fil FAST-LI02" , JiF 45 55 5 # 30 & 16 i
% Intel i7-14650HX CPU fYFH3ML FREATIIRK , MR FREE
7 Ubuntu 20. 04, SEEEERANZR 1 TR, R 4% 0L
1% 2% (absolute path error, APE) BY3) 7 AR 1% 22 (root mean
square error, RMSE ) VE A IR F8 45 ; M it —25 13-4 3L
TEAR G RARR 28, AR SCRHEERS 6 (drift) 5 SR 28 % L
TR 22 B 7 KRR 25 15 AR A FE A LU AL, DA A o 45 3
ERENKEE . 3R 1 Ay EMAbRIC#RR R R

F1 HBNPITRENHFTRRELEREEBRE

Table 1 Results of root mean square error of absolute trajectory error and drift (m)
izl A-LOAM KISS-ICP FAST-LIO2 LIO-SAM LIO-SAM* OUR OUR*
GR1 0.043/0. 884 0.151/2.905 1.144/17. 804 1.036/6. 606 0.983/6. 410 0. 040/0. 408 0.036/0. 369
GR2 1.708/30. 216 11.17/71. 611 0.727/8.576 0.720/7.124 0.144/1. 444
GR3 0. 054/0. 705 0.114/1.455 1.276/13.258 0.331/1. 621 0.200/0. 946 0. 055/0. 383 0. 059/0. 395
GR4 1.338/9.610 1.41/11.076 1. 454/10. 299 1. 153/3.740 0. 829/0. 956 0.519/2. 836 0.423/2.352
GR5 0.857/8. 124 0.398/4. 025 0.590/5. 454 0.311/1. 167 0. 245/0. 956 0.394/2. 688 0.307/2. 046
GR6 4.854/10.719 4.274/11. 850 2.679/7.510 3.851/3.8%4 2.508/2.578 1.221/2. 056 1.215/2. 064
GR7 9.635/15. 500 10.209/23. 495 4.172/3.748 2.455/2.372 3.348/4. 842 3.092/4.373
GRS 43.952/114. 068  40. 123/121. 270 2.564/2. 404 2.564/2. 404 1.506/2. 632 1.506/2. 632
GR9 10. 392/28. 262 9.769/36. 092 4.487/16. 666 5.364/6. 523 5.364/6. 523 3.977/8. 636 3.977/8. 636
T 8.093/24.232 8.624/31.531 1.765/11.367 2.348/3.713 1.894/2. 893 1.309/3.512 1.195/2.701
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Fig.5 Trajectories of baselines in typical sequences
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Fig. 6  Sensitivity analysis of parameters

2.3 HBhCIE

1) Hl T 249 5 56

R 6 UE b T2 SRR WS AR P2 T SLAM R Ge v B Ak 11k
JEE 7 TR A M, AR SC DL GR4 A B3 I 52 it 1 il s
B, SCUR AL AN 2 s, MU 29 HE N IR LA S
P2 SROALA 388 2ok e A7 2 A ot vl e T 3 A U 24 5
Al B MR SLAM RS0 67 LIRS ) i,

R2 HIEARKMREMLE

Table 2 Ablation experiments on the ground-constraint

strategy (m)

LA Bor ez T IR R 2
P TESD S 0.721 0. 393
A T2 7R 0.519 0. 050

TR LERFW , BIA ARG, RGHE IR R
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BT ATAER LATZI A [/, f T SLAM R G837 445 4k
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Fig.7 Comparison curves of Z-axis RMSE for various

algorithms under different slopes and height differences
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Table 3 Ablation experiments on dynamic elimination

strategy (m)
Lt GR9 GR10 GR11
THR kR 3.977 0.239 3.609
KA SR 4.247 0. 261 4.420
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Fig. 8 Comparison diagram of dynamic removal effects
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(equivalent precision, EP) N #f % — & 8] % ( precision-
recall,PR) I L5 G 1Tl I AR
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Table 4 F1 MAX/EP on KITTI sequences (% )

Bk KITTIOO0 KITTIO5
SC 73.68/61.70 88. 40/80. 01
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Fig. 9  Loop closure detection performance evaluation
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