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TAL & A 4 FE AR R 2 R A B9 AL E B ) .
op(Xp) TR 2 RN
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Hrr, z WO RIPPIRER E. 2 8 L SOF LR G
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—BPETEE A T e . PIERBRE IR, 5
HE . R, MBI S . BERITER
AT LA N5 prs . iZdLds N vt PR AL
WA, BHHENLI~2 m/s. HBEIE RSO
164 VelodyneW O # 18 (/KT 40 #E 3 50.1°~ 0.4°,
M E A N2°, WEETEHN0.2~100 m, %50
FON10Hz) ¥ 9 RIMU (i S % 9 200Hz) . 1 &
A G A 4 (i A ZE N20H2) . FEEU ZEak E ML
JNIntel Core i7-13700H, 3.7GHz CPU, #]LL5EM
SEINHE R S = 4EE .

% 18 ) B g AT A RN G G 4 S 3 P ok
2, HAREEME TS, SRR, LS
NN G AR, IFUIEBRARAT RS — Ak
&, MEEBREEGME. Kk, AT IZE
WA TE A LA AR E A S = e B TAE. H
THERREA S ok B B B, Ak
LR AN R ZVE RV bR UE, XPEfr S =4 &
BAERMATERESNT, KA RZESE XL

(1)#riRJHEF 1% % (Home Error, He): fEHMLES
ANATR BN R R A, WA R AL E N ZE .
I, FIHBLES NG RO B W 2 € %R 2, 1%k
ZERN, R LB HE

(2) IR iR 7 (Trajectory Error, Te): 7E
PLES N EFEMRFRPUE R S E S, "5 AZEHZ
K (Hausdorff) 7 B 2O R iR Pk i 2

(3)Z M W% 2 (Reference Error, Re): X T —
LT DISRAR BAE AL B, R E B A iE . B
T A B . A DUR R A S = 4 = R 45 Ok
THEX S, #EMS 2RI, Ak R E
M BERC 2@ IENE NS R, AT S MR 2 R

(4) %R 2R % (Length Error, Le): fEHUAL
A NAEIR 2 (8] 1) AR T DM E A B a5 R S
%, ARSCATLASRAG Al & ) AR B e, i b
AT IR 7€ o BLAR AN LA R S e B R

K 5 LS HLAS N S AR B A B

3.1 FERP-VUKEHER LS

AN ST K OR-SUK Rk b s 1 P HEAT
S s E 6 N, MWRiREE 2K L1537 m, H
2Nk & XA — BB X A, P2 uh e X oa K
21100 m, FEIEXKZ1437 m. ZBBEIE LI
FEHORTENE T, PEIEEERCNGTR, B R &%
b, IR,

A% B SC T IR e T AT 0 B 2k
R, RIS G R, FXUKPES G178, 4
FIEXUKHES: & G IRIR B 2 H K &, e
HbLEs NEIB A BRI BN R B . SEIR
SR it T B AR T AR AR, A R R AR AL SR AR 7Y
(PLM). A TiHHEITTE, ACHPLMH K HKE
3R, IE T APLM A BB A R, H
HRES 5 5T B RAELE ML 48 N AR Z A7 B 17T B
P, 268 R B AR B SR A

ARG R G B AR 2 SR AT BLAR T E AL, R K
HMM [=] R UG BC &5 FEF 2 47 45 A N RAE R 7 -
AT, e T 2 SRR 2 (30) 3T =
e, B8 NA ST 0t =6 S - XK Mg dh Bk ks i3k

(c) BEMA I (d) B
[l 6 508 UK R S 5

PLM

-27.6
=

-28.0

—-28.2

391.5 392.0 392.5 393.0 393.5 394.0
x (m)

K 7 B AR R (PLM)
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ITEEEEMBORE . B IR T RS B
T8 P % 25 AL AN SR B 3l 653X 3AE AT R R, A
Pl b ) DU HH X 34k 7 g 22 1) = 24 b 1] B A4
8, WA RRER, T DL b R Py
BRABL, X IHIEA ST VE A R

AR SO i T R S A — AP IR UE A S
AR, RS E W R (1) HDRITE,
B A FHIMU AL T HEAT AL HES, AT =4
o H AR IVEAL IR U . 12T
HELERWME (a)Frn, DRFEEIR =4 HE A
B2 [RIAFAE R e, 33K DR A g 16 A (1 it T g
P IMUSEAL & 74 7 T30, HIMUSSAL R A
FAAE BT RZE, WK B T HE 3R 2 BK

(2)1f FADR+PATH, BI7EMUAH#E S H03at b
IMNASCHI AR SRIE Y, AT =g, A0
I PR AL SRS AL RE RS R FE BN N AL B AT A 2
RAE, WK TEFNLES NI LA T T AR .
EI9(b)FTLAE H, MRS S, H
R HEEMEEARES, HbBTEMiRERR
B, EEHEAAE e e, AR RN ER
SR RZRAHE;

(3)1 F A3 7772 (DR+PATH+HMM) % i
1Yoy Ykl AT = 4 A, 45 9 (c). HH
BTE(b) P EELSRIER, ASCREET
HM M7 51 UG e (6 =] PR AG 0 77 320 75 ik 1 P4 32 30 HH ¢
TFRIMERE, fEIR E LS R RN

F 13l T Y AE 45 SR UK B Hh 4k i ] # 2
WX . DRAEHEBELS RMITIRAETIRE
(He)459.35 m, HpyRE#EREME RN, KR
BT R % (Te) A35.82 m, it B4 3R B35 22 1) i 25

(a) DRJTIE=4EH 2 K]

(b) DR+PATH 7 =4k E &K

BK. ZEMIRZE(Re)N3T7.93 m, HEIREFER
ZE(Le)7E70 mPL b, JEi%i & sebr 8k B 1 7
K; DR+PATHERIHTIRIHFIRZNLT2 m. 2%
REE R ZEH0.15 my SRR ZE N2.81 m. EiR
HFRRZENA.29 m, TENFEMAIELHLEE N TRt
G P I AR s AT 1EHe N0.21 m, Tely
0.09 m, Re~0.37 m, HEMIRZE(HN0.54 m, =H
R R R, AL ARREERRK. -
BRI RRY, ACRENBEMUABERS
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Abstract:

Objective As the operational mileage of metro systems in China continues to increase, the inspection and
maintenance of metro tunnels have become more critical. Accurate 3D reconstruction of metro tunnels is
essential for construction, inspection, and maintenance. However, in severely degraded tunnel environments,
existing SLAM algorithms based on laser or vision often struggle to construct maps and face limitations in
complex scenarios. To address this challenge, this paper proposes a method for large-scale 3D reconstruction of
metro tunnels by utilizing the matching of the Path Likelihood Model (PLM) and the Hidden Markov Model
(HMM). The 3D reconstruction task is divided into two key processes: odometer positioning and high-precision
3D reconstruction via graph optimization. High-precision 3D reconstruction is achieved by effectively addressing
both components.

Methods For odometer-based localization, this paper presents a method that incorporates the PLM. The PLM
is developed using kernel density estimation to analyze the vehicle’s track path, effectively representing the
vehicle’s positional information as a probability distribution. Within the framework of a particle filter, this
method converts the constructed PLM into position observations of the vehicle. Additionally, data from the
onboard Inertial Measurement Unit (IMU) and the wheel speed sensor are integrated to enhance localization
accuracy. To minimize cumulative errors in odometer-based localization, this paper reformulates the problem of
loop closure detection as a sequence matching problem using the Viterbi algorithm within the framework of the
HMM. This method effectively addresses the instability associated with single-frame matching in loop closure
detection and significantly improves the overall performance. To resolve the reconstruction problem, this paper
presents a method for 3D reconstruction using large-scale factor graph optimization. By optimizing the pose
graph with multiple constraints, it enables high-precision 3D reconstruction of extensive metro tunnels.

Results and Discussions The proposed method and model are tested and validated at the WeiJianian-
ShuangShuianian and ShaHeyuan-DongZikou metro stations in Chengdu. The experimental results are as

follows: the effectiveness of the proposed method is confirmed through two sets of ablation experiments, DR
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and DR+PATH. Furthermore, by comparing the results with those of two notable open-source LIDAR
algorithms, LIO-SAM and Faster-LIO, the superiority of this method is demonstrated. The reconstruction
accuracy achieved is high, and the reconstruction error remains consistent even as the running distance
increases. Therefore, the method is suitable for application in real operational processes.

Conclusions This paper addresses the challenges of 3D reconstruction in metro tunnels by proposing a novel
algorithm that combines the PLM with HMM sequence matching. The PLM is developed using drawing
information, which serves as the foundation for the reconstruction process. Within the framework of particle
filtering, the likelihood model is used to correct errors from the IMU and wheel speed sensor. This results in
accurate odometer readings for the onboard robot. Furthermore, the issue of loop matching is reformulated as
an HMM sequence matching problem. By constructing loop constraints, accumulated positioning errors are
effectively eliminated. Finally, the pose and loop constraints derived from the odometer data are integrated into
the optimization model for a large-scale factor map, enabling high-precision 3D reconstruction of the metro
tunnel. Field tests conducted at the WeiJianian-ShuangShuianian and ShaHeyuan-DongZikou metro stations in
Chengdu, with comparisons with other algorithms, demonstrate that the proposed PLM and HMM sequence
matching algorithm significantly improve 3D reconstruction accuracy in metro tunnels, particularly in severely
degraded environments.

Key words: Metro tunnels; Degenerate scenarios; Path likelihood; Sequence matching; Factor graph

optimization
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