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Stereo VI-SLAM method with fused point and line features
in indoor environments
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2. School of Intelligence Science and Technology, Xinjiang University, Urumgqi 830017, China)

Abstract; To address the issues of sparse keypoint features in weakly textured indoor environments, insufficient
utilization of structured features in structured scenes, and keyframe tracking failures during rapid camera
movements, a stereo visual-inertial SLAM method based on the fusion of point and line features is proposed. First,
the EDlines line segment extraction method, combined with a Gaussian image pyramid, is employed to achieve
multi-scale line segment extraction, enhancing the scale invariance of line segment matching. Simultaneously, the
uncertainty of line segment endpoints at different scales is modeled, and binary descriptors of line segments are
partitioned using tiling technology to accelerate line segment matching, thereby improving the robustness and
efficiency of line feature matching. Second, the pre-integration model of the inertial sensor is optimized, and a
sliding window nonlinear optimization is performed by fusing the point feature reprojection error from stereo vision,
the line feature reprojection error, and the pre-integration constraints of the inertial sensor, thereby improving the
system’ s pose estimation accuracy. Finally, extensive experiments are conducted on the EuRoC dataset which
includes complex environments such as low-texture, structured scenes, and rapid camera movements. The
experimental results demonstrate that the proposed method achieves a root mean square error of 0. 031 m and an
average error of 0. 027 m on the EuRoC dataset, exhibiting stronger robustness and higher localization accuracy,
especially in low-texture and rapid camera movement scenarios where the accuracy advantage is particularly
significant.

Keywords: simultaneous localization and mapping ( SLAM ) ; visual-inertial; point and line features; stereo
camera; multi-scale ; nonlinear optimization
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Fig. 1 Framework of stereo visual-inertial SLAM method with point and line features

W12 M SR AL A 4 F2 4 ] BA (bundle
adjustment ) 575 XF Jay i b B AT 0 AR, 456 D 45
B fF B IMU 5822 SRR B 8 108 22 DL S 2RI
P ARZEIAT A AL PR, 32 5 R GERY € LS B, BB
TUARRY BT, SR TR IsME , BeJ, RGEE T
] ARG I EA7 PR R E, U I T BR R TR 22 5L
AL S sR R G IIRRETE . BT IR, &
GEAT R, SR BRI 28 A5 B A A
4 Je M P B R A — 3

2 MR MR A P AR A G AR AL

2.1 IMU FfR4rEa

BRI R AL R H RS B s G B T R B2 2 D Y i) R
A AHBLAT IMU (B DU 2 2 ) {7 8., T LA 5
SLAM ZRGEEHEME, IMU $ (3 v A7 2 25 0 5ok i
5 AT LARAME SRR IE AR E I AN I, 35 B 4 5
SR SRR B SR SR BR R AR M, AL IR AR R
JEPER SLAM ARG 2 055 RS e RIS ff 14 1)
AR

G0 2 21 A A R B AT ) B AR T BT
P N ST RN RS BRAZE A, IMU 5 B A SR s
JEET 0 2 A R R IR B RS AR AR ]
PAF IR IT .

(1) =o, (1) +b,(1) +1,(1) (1)

b, o, G35 R BE BRI D R RS

T B R ] LR A F

a,(t) =R;(a,-g,) +b,(1) +7,(1) (2)
b, o, 530 R I T ) i A R
Ry T DT R Ol S AR A A U HORT R
SrEE RS AR R A AR SCHE T IMU AR A3 Ji
FHAT IMU W& A ARG a0 R
ARL.].%ARijexp(&bij) =RL.TRjeXp(3d)ij) (3)
Av,~Av, +6v; =R (v, -v, —gA1,) +bv, (4)
Ap;=~Ap; +6p; =

1
R! (pj -p; —v.Ai, —TgAtfj) +8p; (5)

AP AR, Av, Ap 533 NS i W05 5 i i
A HUEE A B ]
2.2 ZEELSHL

TEALGE SLAM H, 25 [H] B 26 1 3R 78 [F] B Bt
AR FiE H Plicker A8 AR HE 3D LY
JUATREE B AR G st AL, b ik e i S 8L A4y 5+
YRR, M IE A FRon i, XX Ay nT AR Ae A Ak
AL AR
2.2.1 Pliicker A8FrEE7R

W2 iR, 4 Eas LR B 1 WA 5 0 p
Hl g, 25 18] HLk L 1) Pliicker AAR A IR /R N

ST
p-ql Lv

K .n e R JEH HZ L AARERIE S 2 A1 o,
Ak, v e R SR FLZR L 695 A 16 4 3 2 Klein
ZWRIMEA R n'y =0,



-72- S NS D A N - ¢

4

B2 =EEZH Pliicker £4RFR
Fig.2 Pliicker coordinate representation of a spatial line

1 3D e H AR R H 1Y Pliicker A F5 5% 46
SAEHLAL KR 2T Y Plicker AAARI & LT AR
v e
s T kg DAAH 5 A bR R 5 4 g AL A B R 0 7
£ SR ) i L AR 7 S A T

XFT 3D 2B 1, HAEH—4 P 1, EEs
L WA s B 3 p, e R Ml g, e R A
BLAERR R ARl OF = (x,,y,,2) ", V1l @, =
(7, 1y, 1y 7,) A AR AT LR T 20815 .

{[771 5,7 ] =py] g,

T, =T\ X, + Ty, +T33;

Lc :TWCL: ( 7
vv»

(8)

A -], o =G i RO PREE DU AR 4 A 2
WVRIAL AR 7, = (o, oy s, ) T BATE8] 3D 28
Bt | B9 Pliicker 2R¥1 K
[(n], v
L =[ . i|=77i77:—77'k77iT (9)
-y 0
2.2.2 IERZFNR
1E A8 3R 138 1 Wl > S48 H M BR 295
3D LARAL I A S — AN EE R B B i EL e R
Al , A7 By 178 5w BA v 52 BB 4F i MR RE
R ELZ L IEACHR R (U, W) € SO(3) xSO0(2)
AT LU X HE R [ n v | AT IEAE - = fA 503545 .
w, 0
[rlv]=U| 0 w, ,W:[
0 O
Pliicker A A5 AT L T 23 IE 22 R0

lnll 0
0 vl |c1n)

0 0

w,  —w,

] o

W, w,

n oy v
[nly] =[ }
] vl f[m vl

LIS E]

557 %
n % nxvy
U:R(ﬁ):[ } (12)
[l (vl fxv]
W=|:cos(0) —sin(ﬁ)}:[wl _wz}z
sin( ) cos( ) w, w,

1 [n —vJ
T T (13)
[+ [lv P LIvIE lnl

K. U A br 5 A HL AR bR 22 2 1] 09 T & 5 B
8 =(8,,8,,8,) NEAFRAIXT T AL AL A5 R (1) HEFE
AR, 0e (0,m/2), )55 0, Bl HL L BIEE Ad =
In|/ vl =w,/w,, ¥ IEALFRE LR PUSE ) H

0=(7,0)" (14)
BB IEEFIR (U, W) 25 MR | 1Y) Pliicker A4
Bl LAZRIR R
L:[wlﬂl:l (15)
Wy My

Xbu, N UM 5,
2.3 ZRYFMERENSE A

ARSEEE @ P75 s S S U i T ik a7
SCPRAE R AN TS IR, 5 | AGARAE AT LU
P 2 LA {5 R SLAM 28 45 1 684 1 AR 1
Pk U HAR S /D s 54 LB B IR BT, 455N
FRIE FNZE AR AR B 4 i M R 3 5005 B ilGE 2
SEEROR, GRS VLR ) 2k B A
G PR EER By, I o T SR A IR AR A T VS I, A7 AE
Xof ROBE AR AR b 1 2% DC R RCRAR A () 8, Ie b, o
SR I R A AR R R R e, S SR DE i i
EFEEA R JEMSE I T RGeTERE

ARSCHE T — P ) 28 BERR BORITIC il )5 2%
RUG Zt w4 w3 Ab 3, A i T 2 2 IR S 3%
o TER—JZEIMR I, R EDlines Jy 2 HLZ R
JELR B, IR 4R BV I A RO R AE P, S A B
SR AN 2 1, 7S SCRSEADL T 2 B iy ot P9 IR 75
J5 26 A8 LBD 5 Ay 4 B 42 Be A i — 3k il
FEIRAT PR AN 4R BV e, DT 2 4R
SFAIE DTG - e AR
2.3.1 miEGB e TS

XoP AR A 3 LG S R 4
o BT PG 4 B 3 ek 32 AL v 0T SR T T Ak
BRI ER IR RS IOT ifE 2
AR L AT, 358 I B2 20 BRI Bt FARCR
2.3.2  ZRBARIEL

RS & 73 A — 2 L, i EDlines J5 ¥
PATLRECHRHL, EDlines J&— F i 25 A4 28 BEAS I 55



5 8 1]

0, AE . FENIE NG SLAHERMH VI-SSLAM Jrik .73 .

TGN I (edge drawing, ED) H A, A
NG5 K, TR D T 3B R, B 28 R 2R B,
EDlines J5 15 B A m E A M RS AR SCR , H4L
st ) 42 2% P8 foff A Ao T A RUASS PR A5 B o LA
FRE W BA R, e E AN W UG &
FaE PR B
PG 4 85 0 B — 2 b AR SO AR 11 e
7 25 AR SR A R R AN e, LAk
UL, B LR B 5 p, AN q, #RAFAE— RE AR T R
2,1 o} e R FZREURIG A p,,q, B AR5 F
P2 XA A2 T A BB B G b o S B
FH ARG I 5 25 |, 4 T DS A R
2.3.3  TEHIHGRRT CEK
T SEBUARAR T[] ) £ BEUC IC, A SOl A LBD
D5 R B A B U £ B DG B — A IR A
LBD i o W £ B B 3 ) R SO AT S b, A il —
ANMRE) RO i, Bk U LBD RS
2R BRI E L — AR K, I X2 X N % 2%
BB [ AN A R AT 43T, AR B R AT . XA~ it A
AR T LR B LAY R A A B, R R AT
X R AR A B R AR A LA B U (R T
2.3.4 CPHEEECAR T AL
FELR B BT | AR SO — i 7l 52 A ke ekt
LREVLHC, HAORUL, FEPREUN B, M AR LR B o,
HP I A A S s RS b, R
TR 2D L.
n'u-h=0 (16)
X =[n,,n] R HALZENGE e R AT
FIRL S UG F S Z B A TS IR, e
A riu, u, € QA R g MARFSIEE A Al H
TR
_ [Av, —Au]!
(A%t AT (17)
h=n"u,
A RZ T 8] 9 = arctan 2 (7, ,1,) LB ]
WAF S I h Fon 2 BER EUR RS I, AR
¥ 2D SHORIY (q,h) X153 R 24 P4l X8 K HAT
MRS ML BT —H, X Tk EIE 1, fi
o JO7 A0Sl DX 3T 4 AR 26 BEE AT A0 4, K 4 SR
FERETE 1, Hh o SRy R8T UG Fe i A 5
IR T VR AR
2.3.5 ZBILHd
AT BLVC RS K —A~ 3D ZeBt le M, $5¢
P HPREGR 1, - TR ER (9,,h) o 2K
Ja  RBIAE 1 5 1 S8 (g, h) T 1 TR — 4

DX 35l N 1 BT A7 2 B A Sy fige 36 DR T, AR 4R #5348 447 22 1]
(4L T B g X 3k S e 1 DG i R 4 7 1145
2.3.6  HIBRIRICHE

ST HERR AT B8 B A DR VL, AR SCR A LA I3
IS4

1) U S LB, DERCZe BRI G B 546 2
PR LUAE AR T A B4R, i O A i SR VS Fe oG T
YU NTE 3= WY DT E T

2) LB R B B, DTG LR B AE RS- 1
IR B TR T A R, DARA fR DT FC 28 Be e B
W B, A4 S VCRC RS

XA 22 )2 U A DL L 56 E ML ] S 2 ek /b T iR DR
(IR T T DG JE () m] SEPEFIAS B

3 JEdwmAR AR

AT L AR B R 22 AT T B T
FAKXMES OGS B ERGV IR E ML R H
IR 22 IR BA AL R AL,

3.1 EBEERMREITE

XTI p e PO SR p,, A AR bR R 1Y
B P o= (XY, 20 ] AL AR R TR O PO o=
(XY, 2] BEAbRN P = [u, 0]’ K HAHDLA
SR, K — A R AR bR R AR B A AL AL R 5
(RIS 550 P e R Ay

T = [RM t} (18)
0" 1
K R NHER AR o IR R, X 3D 5,
ASCAEF FAR w e 433 FRoRTE R AR bR FR AR L
AEFRFR , T A A | T B AR AR R (1 A bR LA K AH
BLARFR R T AR BRI LA T AR

PC= (R"P" +1*) (19)
T
P=7T(KP“):[fx§+cx,fy§+c)] (20)

. Z AP R 2R N RIIRIE , f oA ¢ MR
Hh o S ER EORIN RS R R R R 2

e
AR LR 1, A MR R 1, s, X T
XCHAAPL, =4EA by P FE /e ATAHBL R A 80E AL bR
IR PLo= [ ,v ] P, = [ug v, 1", AR 2E4G
THAT LAAS 2R B

7-—Y (22)

( uy, — uR)
% b Ry ST RBEER




- 74 - e NS B | A - = 57 %
F AP ZE AP AN TR 22 Ab 7 F HA B AR X T p'L
TEAAML LR AWES b, PRI, X [R]—> =45 P, d(p",L") L+ L
EAEATHLASHR R PG X AR5 R X b, 7 Mt =[ d(p".L) } 41 (27)
PRRLSE /AT ATHLEG LA S 3R 7T BAAEL A L

(X-b)

Uy :f Z +c (23 )
ST AR S B AR 22 LN
w\ (U

r=|o |- (24)
LLR ui

XFFRCH AL, BEAL & AL AR bR R T B H
MBS LR S AR5 25, )RR AR
AR IREN

r, =r" +r
3.2 ABMERFIRETE

XFFRIELR , F B 1 22 1T DL SR ULER 1 26
By 15 5 ) — UG- i v S R 2 (B R,
Kl 3 PR, 45 — e B AR bR & P d ) Pliicker A%
PRGN A2 0] B2k 1, Hoak B a7 R 1, B
M AH(p,,q,) , EAAAR R TP s R (P, Q) LA K
U 1 P B RGE (pLg) o

(25)

B3 ZR¥RE
Fig.3 Line projection errors
A (6) Al FF L L FEAPLARAR R (Y Plicker A
PR LS =[n v ], WIEZ TP 1, EREGE

Ll
L'=Kn‘=|1L, (26)
L3
Hrp
f 0 0
K= 0 1. 0
-fie.  —feo LS,

{b K, WEBOEHE
W ZAFHE B IR 22N

3.3 ETHEFIEOMNELEMRL

STl T R AR SCR T A 15
PEARLRIE BRI Tk WK 4,
+p, ‘ +p, [ B
. L = IMU
r, / — 3D%k
Coon o R
. R * - - RERE
ale OR U « 3D
I Y 4 . REA
s 5 ~ IMUFIBS
4 BEIEAMNIELEMRL
Fig.4 Nonlinear optimization of the sliding window
i AL AR BT
X = [)‘1 Ay, ,01 102 s"'aOm X1 ,X) s"'ath
(28)
xk:[p;:;,’qzvk’vyk’b{:’bil (29>

XPke[0,h] A, (ie[1,n]) =4S B0 IRE,
O0,(je([1,m] ) RLIIERZF N ,x, (ke [0,h]) A
BN L P kD OB MULE T S AR AR ZR P RO AL E
Ji@le A8 DL R s Bt A B AR S i
FET AR EARARAS i AT AR AL A Al R .
Ir, g +

p

b, 2,
];; HrB<zb:+] X)) [ % +

bl +1

S (Zpl ol +

K

F(x) = min
X

2 rlr(z 0 ls,) +

2 ls,)

(30)
Xher, - H x WBGAR SR G B2 r, (2],
X)W IMU BYIIEETE 22, (20, x) or (2 ,x) 350K
FRIE SRR IER BB IR 2, = NI T 256 R,
p NE B Huber AU REL, & XN p(|r|,) =
r' S K RIS N M 430 Sk 2 R T A
LR RBCR . IO b B0 H br e/ ME SR s B
BeZE IMU DU 5% 25 RRAE s R 52 1R 22 FP IR 4 o

SARZE IR



5 8 1]

O, AF ENIRE TG SRR VI-SLAM J7 ik

<75 .

4 HER G

ARSCHEA HE R4 EuRoC!) FI63IF A2 4 1
ko RS\ ILEIR AR B ST AR R IMU i
FIAH N 1) BLSE B, AR SO A LR B RS
Ubuntu 20. 04 . ROS JiA4~ >} Noetic it %5 Intel Core i7-
12700H (14 #% 20 2 ) b FEZR AN 16 GB AT
ML AT
4.1 ETF EuRoC HIBEME XITM

EuRoC #¥a 4 £ 7 rh S 28 6 AT 25 U 46 19 ST 44
UL AN () IMU I 50000 , 9732 FH e i
RGNV BREILE 11 FS, 00 3 A HERE

3
3t

“w 3

9 “ 455" (MHOL ,MHO2, V101, V201 )  “ H1 45"
( MHO3 , MHO4, V102, V202 ) A1 “ [& #E” ( MHO5,
V103,V203) . MH JPFJE7E L) FEitREM, VR
FEHINE o TR E RS . B2 PR 5
o p L GO e 87 S S 1 A= B 5 1 i)
Yy 5 R B s Wk R 5l A FRE RS-0 1Y) DX, R 270 HL
ARBE]RATRRIB BRI A s IRIXE 7 51 1 37 5 0
58 0 B i 1 DI RRAE AR 2D AT iz B s HAS
U, B e i S E H Vicon B3 HE R4
Wt B AL T R — B 2RSS IMU B A . A
SCBRAE EuRoC B0 4R 1 AIFAG S5 R LKL 5,

0.043 0.096 4r L Esk g 0061
4r - B 8 3t ,
3t 6 2t :
2 L
. . 4 £ 1} 0.032
E b\ 0.022 £ 2 0.049 ™
= = ol
0f 0
1t -2 1t
-4 L L 1 L L L L )
2 P e R R " R . . .
Sy 20 24 6 8 101214 25 0.020
x/m 0.001 i 0.002 x/m
(a) XY PHEFZE (V201) (b) XY P2 (MHO3) (¢) XY PI#FZE (V103)
0.05 __APE 0.10 __APE 0.07 —_ APE
---RMSE .. RMSE 0.06 ... RMSE
0.04 -- Median 0.08 -- Median . -- Median
: ---Mean ' --- Mean --- Mean
. Std . Std c 0.05 Std
0.03 0.06
3 3 5 0.04
Ay Ay [=5]
< 0.02 b LN A < 0.04 < 0.03
- - = 0.02
0.01 0.02 fi: =t
0.01

02 04 06 08 1.0 12
t/s

(d) dax i iRzE (V201)

0

() &R ALE (v201)

(k) &JR R

0.2 04 06 0.8
t/s

(e) XTI IRZE (MHO03)

1.0 1.2 0 02 04

t/s
() ZEX T RZE (V103)

0.6 0.8 1.0

(i) AR FFAERE (V103)

Faa—"
v"“Zﬂ."iv‘ f»
: ! : ’;»4

17
!

X : .

2 o

Wi Pt
it s/
o

w

4
E\
}

f
3 7

| I y

o i
¥y

-} 3

X -
¥ N

o )

/

o 2 !

(MHO03) ) &/ R%LE (V103)

B 5 AXEETE EuRoC HIEEMNTM

Fig.5 Evaluation of the proposed algorithm on the EuRoC dataset
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Tab.1 RMSE of our algorithm and point-line, visual-inertial SLAM m
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Fig.6  Absolute trajectory error for each sequence
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Tab.2 ATE of our algorithm compared with stereo point-line and visual-inertial SLAM m
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Tab.3 RMSE results comparison for different modules m
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