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[ Abstract] Thé multisensor fusion Simultaneous Localization and Mapping (SLAM) system has higher localization
accuracy than the single-sensor SLAM system. However, its localization accuracy in low-texture or degraded scenes
needs improvement. The Point-Line with lidar-Visual-mono=Inertial tightly coupling SLAM system (PL2VI-SLAM) is
proposed. This system comprises two subsystems: the Point-Line with Visual-Inertial System (PLVIS) and the Lidar
Inertial System (LIS). The PLVIS subsystem first extracts and matches the point-line features. Next, this subsystem
closely couples the inertial measurement unit with a camera to enhance the position by selectively introducing keyframes
through sliding windows.LIS integrates multiple constraints into the factor graph joint optimization, and its initial state
can be used as the initial guess of PLVIS.The lida rodometry is achieved by scan-matching, and its point cloud depth is
associated with the points and feature lines of PLVIS to provide a precise depth value for visual features. These
procedures further improve positioning accuracy.Finally, the two subsystems jointly conduct loop-closure to correct the
position.The experimental results forthe jackal, handled, and self-made long-corridor data sets show that compared with
VINS-MONO, LIO-SAM, and LVI-SAM systems, this system exhibits improved positioning accuracy, can satisfactorily
handle low-texture and degraded scenes, and can meet the real-time requirements.

[Key words] low texture scene; degradation scene; point line feature extraction; line feature matching; feature depth
association

DOI:10. 19678/j. issn. 1000-3428. 0062245

EETE : EPA T RAZEEIT ZRBFH H ([2016]11295) ;141148 FBHL T 8 5 8F % 5 H (2021YFG0380) o

EB BN A B EF(1998—) , W AW 58 A, )5 ] 0 W38 SLAM \OG SLAM = 4k J 8 s W ke A #0082 b s AR % 38 i sk Sl
B A

Wris B H#:2021-08-02  f&[E HHF:2021-09-06  E-mail:610481953@qq.com



Fagt HTWH

BEREF XEETE RN, 45 - AR AL B RO MOL R IA L AT SLAM R4 255

0 iR

[\l 4 %2 {7 5 # Kl (Simultaneous Localization and
Mapping, SLAM) £ AR 176 % sh L35 AR S A 11 K 3R
S B A0 R B B AR . R R AL B AN TR
SLAM # R 4 M 3& SLAM LA K #4ot SLAM
AU B FAE SLAM AR (1 05 Bkl A T 47 BN
) AHZE S 2 PR SCEE 6 R R Z Az Bl 0 52 0 5 2
Tt SLAM $2 R 19 5 125 8 0% 47 $12 48 72 PR 455 19 4t 7
FR NEER a2 Rk Rgm . 244
fil A B SLAM H2 AR K AHBIL 3O B I8 L0 AR IR AR
(Inertial Measurement Unit, IMU) #H 2% &, fig 08 #F —
e SLAM RGN E R ERRS BE . IR, OG
K ML IMU il B9 SLAM F 45t bk 52 31 A
(ISP e

H iy 2 4 REs il A 19 SLAM R 58 B2/ i
5% & 4t (Visual Inertial System, VIS) | 5 i5 P &
4t (Lidar Inertial System, LIS) f i o't 75 i5 # vt 5
% 4t (Lidar Visual Inertial System, LVIS) . #R & 1% &%
A 1) 42 i A 2 /il A & O s A AL IMU ARG
J7 K FEB RS SRS . RS ik
I P 7 = Ak B PSR TIMLU ) 30 s 00, 940 A
THAHPLAT IMU SRS, il A5 2 e A 45 R 0 B &
JEE AL IMU B A B AL IR A
AT AR A5 = 0 BE i r 28 . SRRSO A L, SRR
BTN SRR S m . AR B G RS
T Y & G he % SR SR BE T 07 B A EARSR &
Z LS MY s iy g o L, BF 5T N LR Y PL-
SLAM R4 BET B0 H B R R R IE R G0 LA K
TRH W SRR S, Horp PL-SLAM R 4 2
S E ORB-SLAM R 4t ' [ JEAlli | o HE 4542 )
PL-VIO &4t ,FU %4 i PL-VINS £ 4t , il 1 78 /i
I WNES S (0 WS S (11 Sl o C Y L' 1
IR T JCVE AT R R BRI A )

A, LIS RS0 B G MM A RS -
ZHAO S5 4R H — Fh S A 9 380 5 A IR LR T A
#E RS LIOM, 1% R 4t 38 i R /R 2 g8 I a5 3O R
5 IMU B0 |, 5 80 0 i 10 o7 284 vk o S ik [ 18 147
HT —MEMEG RS, ZABKHIHOCHE L BB
IMU AL R F L GPS BB LA R B 3 K A7 5] A
PR [, Bk G DAk S8 G A B LSS I B A% S Bl A
Poab AT M E A . T LIOM R4, % R 4
i £ ISAM2 52 3Ry &8 Fl 4 Jmy 09 O Ak, JHE 4 s M R0 K
FE R BT AR 2 2 BHR AL S S A s

X R A S R 8, SCERL19 I X B ARG R4
AT R RO TR IR AHPLLL S IMU B AR A, SE
T LVIS R4, Z RS A& VIS REG A LIS &4, VIS
Z ¢ % M VINS-MONO # 4t 1y J5 1 2, Tl LIS & 4t
R LIO-SAM R G 1Y 5 1 ¥ 24 1 &R 50 B A
B R GG CRASAS AR R, 2 i 5

1 S0 30 3R AL 37 5 I 2 AT WA I, 4 YK I G
W84y 2 T TSR AT 0 4R AL L 0 RE B AR BB S L Uk R S Y
B R, 0L 2 % 5 R 7 A
ARG Ay 5 R BRAE %) )7 ¥ 6 LVI-SAM 2 4t
ATRCHE 72 VTS 255§ 3 S 15 UC B8 R REE L O 18
J5 S A AT BA AL SEBL ZRR A . S 2k
5 e SR 05 0 1< 2 AR AIE 9 SR A A A0 % A A R
Wi o 7E LIS RG0Hh 4 L FRAE 09 3 5 WO R 38R
B HHEAT I, 52 B T ) R I3 A, AT 754
[ 73 B R R AIE 0 — A5 42 120 R 0 9 5 DR I
1 AXRFIESR

AL FE LVI-SAM # 4 1) & filh I 52 3 PL2VI-
SLAM # 4, R Gt 0 B AR HEZR AN &1 1 B 7R 1% & 4 il
A7 W BT B A &R 4 (Point-Line with Visual
Inertial System, PLVIS) 1 LIS & 4t , PLVIS % 4t £l 4%
AHAHL IMU 97 45 6 RRAE 42 HC S DT RE A7 22 3R 8RR
i 1 g g K BB A . LIS 2R S8 4045 55 i JIMU 91 G
b = PR ECS DT RE | JRy 0 ] R TR PRI A T
LVI-SAM % 4t , & 3 & i 1F PLVIS&R G ¥ i 1k By Bt
DL K iy v B FR TH AR 4 il B T AR R AR Y 4R HRL S T
B, S s R H 3 20 0 5 A0 A6 58 BRI VT e A9 2 RR AT
SRR IE R .

3DHOGEIE i >

i AAHEL S
ARV X
R [ ik [t mest

A A

—| IMU }7

LISR % . | PLVISEZ:
| kv R |

1 PL2VI-SLAM RGHEZR
Fig.1 Framework of PL2ZVI-SLAM system

FHEF VINS-MONO R %, A 3L R Gt £ 91 R 4k
By Belg o 7 2Rk R E R W AL R .
AR DR 25 R SRR IR AT A0 A, DA TN AR A = 4E R
FRAE A B DL LIS 2 48 0 90 4 Ak i o) 5 5 A o
TR ZR G0 b Al I A5 BB B AR A1 . % 46 Ak B fs
R Al ) S P 2 0 T S R 37 8 it ) 7 6 Ak o

TE PLVIS 2 Gt MR 5 i ad A& vy | [ B A7 05 2R
fIE 55 OC SHEWT % 26 4%, 4 L o502 R IF R 2% A1 OC S ot 4%
i ) B Y B (E o, B AT A S B R T, O
TN E) 42 Jry M 1, 2R AR BRI AR 1 A 3R GA
A= (1) Pros

min [p,l]za @)



256 Computer Engineering

R TR 202247 H 15 H

Hor p S LI 3 () 5 RRAE 5 12 2R ERAE o
K i ) 00 ) B FH — S s Ok, i
A SRR 52 PLVIS 2 S 114 J) 0 5 s o 2
5 ffi FH DBOW2 I 48 #5171 V52 Bl PLVIS R 48
] 24k I, JF 3K & LIS & 48 55 > PL2VI-SLAM
F G010 [m RGN

2 PL2VI-SLAM % %

PL2VI-SLAM % 4 1 PLVIS #5% #VE 22 40 DL
LIS Wik E RS A . Hh :PLVIS RG AL 45 i 2k
FRAE A 3R S VR FEC  IMU T AR 43 | a5 2R R 1E TR 3 S Bk
DL K [l BRI 5 LIS &R 4840 45 o5 = FRAE 1Y 42 B 5 T
fi JIMU AR 4 DL K [8] BRAG I
21 MEALFHAERNSLAE

G, B — Wi A% R FH KLT #0622 R
T — TSR A, I B i T 7 a5 AR AT i 4 i %]
15 Y SRR AE B R > 1004, SR 5 78 2 4 HH 408 4
fIE Z 8] % B e /MEER 53 B A Ok 52 SE — 1) R AE 4
fii o HRHE RANSAC 57k (1) AR H BB AL REOS KG
B REAIE 9 B B A, O 500 o 2 AP (B K A0 R AR A .
TR B 1 4 5 S R R AR bR i TR 5]
TR BE I — AL P10 L, AR A RRAE A5 ) e A

i F OpenCV J&E (1) LSD B3 A1 15 oK i 1Y) 2 28
FRAE TSR e K, 47 Beaali i ] LSD 44 1k | AR Xt v
B SEIEEEESR o DR I SR FH R IR B O A SR W IR
P 2R R AE 1T SR AN 20 B S AR SRR AR IR BB 2 S
SR, BB S R R .

BB 20 ST T 8 SCRRAE 2R 1Y die /N R
526 50 28 FR AR, 4R R 1E 16 B 1Y A K M 2 ik =
K (2R

L..= [uxmin(W,,H,)} (2)

., H,) 3 i A AR S5 /N K B B8 B w2
LU AG PR 78, 4 260 A9 2R AIE A B B , ARSOR
FHPL-VINS ZR 4t 1945 48 5 0, {1 u=0.125. ZRAFME 12
W52 G L 43 9 5R 1 LBD & it 2R KNNGE 2 5k
i 3 R UC it 48 R AF o X TR LB AR, FH LT
2 Fh 5 1R S B

1) 38 1 KNN Bk 1158 4R 43 E 220 B 1A B 2
TS T 30, T 50 B, A5 W ARER -

2) 3K BT VT e A SRR AR IRV A A E RSN T
0.1 rad, QA2 WO A8 5 I 50 B o

2ot DL b 2R O A R AR SE AT AE B S K R
Ho g /D LSD B 345,
22 REFERE

VC L € i SRR AR I, T 24 3 o 2R R A 114 % 2
REA AR SRR VINS-MONO 2 4t 4 77 e b 2 5 1
W25 o L — A ERIR A A ALIN A% 25 X

S5 1 B U B B B 0 A FRRAE IR AR XS L B 5

VTN F) 5 i 5 22 009 -

rc(z:’,X) = [b b }Tx (ﬁ,f’— L”Z
- | 7]

+p! -p.

+p, =P,

(3)
Ho . X 2R Z T IMU R, BRS04
X (7)4 Ry R..R.R; 4y 5 IMU E A AL AH HL 5
IMU . A AR 3 IMU  IMU 3 1 5L 48 4R 2 1Y g 5%
S plpt py 43 B R AR BLE] IMU | i 5 A bR 2R F
IMU  IMU 2]t AR R RS o [uy, vy 12 55 i iUl
TN 2] B 5 AIE A5 A A5 2R A b, T L AE 565 7 it i) #8652
[, vy 1, m, K AHAIL N 2 5 48 Sk B [ 2t
M T LS5 25 10 B BN 2, T ke gk 22 1n)
B 211 L e 2 i . Hod by by SR AT B
PO IE A B A TS B PO TE VI .

2 RARERETREE

Fig.2 Schematic diagram of point feature residuals
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Fig.4 Visual point-line feature depth association
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Fig.6 ~ Comparison of matching results of different algorithms
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Fig.7 Effect of 3D visualization of line features
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Fig.8 Trajectory comparison of different systems under jackal date set
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Table 2 Comparison of end-to-end error of different systems

EX 7 15 22 /m BEFEIR S ()
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Fig.9 Schematic diagram of two degradation scenarios
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Fig.10 Trajectory comparison of different systems under handled date set
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Table 3 Comparison of positioning accuracy of

different systems m

24 ATE ATE ATE- "RPE. RPE RPE
o (max) (mean) (RMSE) (max) (mean) (RMSE)
VINS-MONO £ 4t 116.305 40.365 49.415 197.965 0.868  5.560
LIO-SAM 4 82.496 25.755 32787 73.809 3.552 11.436
LVI-SAM &%t 7.954 3.436 4.089 59.467 3.597 11.425
EN X 7.530 3.401 3.843 56.456 3.616 11.227
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Fig.12 Line feature matching results under low texture scenes
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Table 4 Comparison of end-to-end error of different

system
Y 7 1% 2% /m e e 1R 22 /(°)
VINS-MONO £ %t 8.87 183.36
LIO-SAM £ 48 Fail Fail
LVI-SAM £ 4t Fail Fail
KXFEG 0.88 5.79
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Table 5 Comparison of average time consumed by

different systems to process one frame date
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