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PLVO: Plane-line-based RGB-D Visual Odometry
SUN Qin-Xuan' YUAN Jing'! ZHANG Xue-Bo' GAO Yuan-Xi!

Abstract A plane-line-based RGB-D visual odometry (PLVO) is proposed to solve the degenerate problem in the
pose estimation of an RGB-D camera using plane features. First, the plane-line hybrid association graph (PLHAG)
is proposed to associate two types of geometric features. Planes and lines are associated in an integrated framework,
which fully exploits the geometric relationships between two planes and between a plane and a line, respectively.
Then, the pose of an RGB-D camera is estimated based on the adaptive fusion of planes and lines. Generally speak-
ing, the plane features are more accurately and stably extracted than the line features. As a result, in our method,
the planes dominate the calculation of the camera pose through an adaptive weighting algorithm. As for the de-
grees of freedom (DoF's) of the pose that cannot be constrained by planes, the line features are supplementarily used
to obtain the full 6 DoF pose estimation of the camera. Thus, the fusion of two types of features is achieved and the
degenerate problem using only plane features is solved. Various experiments on public benchmarks as well as in real-
world environments demonstrate the efficiency of the proposed method.

Key words RGB-D visual odometry, plane and line fusion, robot localization, adaptive fusion, multi-feature joint
association
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Fig.3  The weights of lines in 5 DoF constraint cases
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7 )5 AT . AERXFMEIL T, BL g 9 e il i) e
AR TCIERE T THRE T2, BIFE /MBS (24) I
AEEIRA L.
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Fig.4  Illustration of angles 6, 8 and ¢
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AT TR B (E R REEEL) 1 BUE
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Fig.6  The weights of lines in the 3 DoF constraint case

HAG [BJ°F [ — B A AE R B VA ISR (56 4.1 719);
2) ANA VO BIEfERIRAE ERX EL s (58 4.2
)5 3) BAIHLAS N ESLIEE VO SEIG (58 4.3 79).
SIS T AL FE 284 Intel i7 CPU (1.8 GHz), &17
WAE 8 GB. 25 4.1 TIFIEE 4.2 s+ it H Bdis 42
A TUM RGB-D AJFEdE4ER; 2 4.3 TS5
S B R ShALES T & 4 Pioneer 3-DX, f&/&
2% N Microsoft Kinect 2.0.

4.1 YF{EXBASLIG

N T BAUEASCER M T PLHAG M FH-H
LRI A RBRELVE AT R, 5F TUM Bl 5 A4
EUE T 51 P T 5 B R RREEAT N ARy, 35
ALY Proenga 555 $2 H ML AR 11 (TR
N Prob-RGBD-VO) H i A i~ 1 55 B 4k 1 VL AT
TI AT UL AU FHHER % (Precision rate) £
A2 (Recall rate) FARHIE IS SLL 1) P45
b, o, wERA 2R SCORARE SR VR R D) R B 9T H
BN AR 9 R BRI [ RRAE £ B LA QI 92
BRI SR IR AR SR, A R 5 O BRI
DRI BN AR A R IBARAE (R AE £ Bk DA
N LARE N SRR PR . AESEia ) XA
&7 51 v A — R AIE 2 6 &5 SR 10 7 R R0 A [
KT, BT LR g4 R AR 2K
AT RN, Wl 7 Fias, CASLIG IR RRAE S B
FVEI T RE

FEXT HE B Prob-RGBD-VO i, S -F Al E
LRARFAE 2 AT ORI, X TSP IREAE, SR A~ T
EEMG B ES XU 8 R (VIR R A S5
PR Z2) fidk Hr A LA LR R ROk, B3, X T
PSP o Fl o', 8 SCF T 2P T R BE 258 || dn—
d'n||, SR 1 VG e i 4 HH 3 H P T 211 T PR 25 A /)
FIVCEE XS, T BLZRAFAE, 1 e nt % A R B 1
HZRHETHE A 7 LBD (Line band descriptor)™!,
FEAER kAR R AL ILHC R &, AR5 (R B i 2
% 2D B2 UL W (B2 77 R AN AR ALL) L
it %ot 221,

S 43 S PR REAE I 5 A AT AH AR I 2
6] [R5 B OG e, IR HoE i R 5 A [l R kAT
it 2T PLHAG BT Prob-RGBD-VO
FFRIT A 0 5 B T 7 BT S HE R R 4 0N 91.6%
1 88.9%, “F-3)H B2 453558 95.0% F1 91.7%. H
T Prob-RGBD-VO 1 B 7 V244 P R RFAE 73l 3
AT Rk, H I AR R R — 3 H Wil (P 4R AE 2 18] 6 JLART
KR, M PLHAG H, % & 1P 5-Fm. °F
M5 BELZ BRI R, Bmdem 7 ik
PERIE R

AN, N T BAE SR R A, A SO 3T
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Fig.7 Comparison of feature association algorithms K8 %F PLHAG 5 PAG RFIERIBCT IR T PR REXS L

PLHAG VL J PAG FIHRFE I 7% 1 5 £ DG B
B 1B 3 S AT G i, HEH gt 45 RFE LI,
K 8(a) Frn. FEE UL E, 2T PLHAG BIFFIE
FIR BV T SRR [A) 2 0.33 ms, 58 423 L B9
SER PR, I 8(b) 4 T B E ST E T
B8 T PLHAG 5 PAG Wi i & 2 5. vl LA
FH, 53T PAG MHEEMLL, PLHAG BT HEZ
REAIE B0 N A 73 P 25 R RS AR K, 4 A s 38
T CEBEATHFAE S BBR I 75 o B 4 Mgk AT 48 R AUt
REAE IO R (8 AT I R0 B n . R ok, M
Kl 8(a) ATLAE H, B8N AR ZNF 1T ms, X VO %
40 S AR [ R AT DL 2R AN T

NFHIEE VO XTEESEIE

FEARNT LI H, 75 TUM R4 5 Mg hig
ITACIRH B PLVO HiE, HRHERS 4 # VO
37 plane-seg-VO™ Prob-RGBD-VO™®!, Canny-
VOURY BL K& STING-VOP! #47 X . plane-seg-
VO Jg 2 TP 5 2 BORFIE ) RGB-D i A%

4.2

Fig.8
and PAG based feature association, respectively

TF, FETHE AN LI S P T v ) 2 A0 4 B
77 16 7] v SR e e A e, 3 0 0] S T B AR
DA R 22 B e i € P A2 A8 e, f JE ) IS ARRGE AT
(Iterative closest point, ICP) BHIEXT mi 2 BT A
VLAC. Prob-RGBD-VO™ Jjed& T i ELAAF [ )
RGB-D #5c A2, i 3 FhRRAE e & o pL sk
PG ZE R 1. Canny-VOP @ 4 RGB B4
HHHEEUE Canny A Z 3T HIITEC, SCIUALE B2
THHTHE.

S5 SR F A XS LG M R AR bR O A X A R 2
(Relative pose error, RPE) FlZaXf Pk 1R % (Ab-
solute trajectory error, ATE), HiFll T B 5518
TUM H 4 M2 4L python PRI evaluate
ate.py Al evaluate rpe.py. A4 HI% %N EES
it RPE M ATE 7 #i%% (Root mean square
error, RMSE), &5 1 ML 2 fior. AT RE
WEG Y S A 20 4 P LBV M RE R RS, plane-
seg-VO™ Prob-RGBD-VO™ 5 Canny-VO@™! [

Comparison of real-time performance for PLHAG
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53R LL L STING-VOP! #£ fr2 /desk Hl fr3/cabin-
et ISR E T8 B IR CAFF I SEIR 25 K. A
1M 2 R UE H, ASCR Y PLVO 48K %
g mrh R AR LRI AERR I, R RET PLVO
H S A E S AT AL Al v, 782 A T P A
R AE AR EL AN, B P~ T e E P E A R A AR E 1, LA
N H SRR e B A RE ). JF H., £ PLVO FH
BLZRAFAE T P TRFAE G2 20 SR 1 A7 45 1 e R kAT b
R F IS, AT e OR B P IHARRAE R 3 SAEH,
I3 R ARV THRFAIE 25 B8 RO R A AR R AL
I T P RAHIE R BE RS, B9 RoR T H T =
ANEGFFHIR ATE 5 RPE 25 S9pil Bl A Arar e
&ili, /] PLVO TH5EA5 2 K& BREF L 5 12 5 4
RARGHRGH A LT HE WS ES, RPE
AR EAEBN VLN, FEIEN] T AU
HERAVE RS R

N T EIFE s I IE 2 RHERL G 1E VO R
HIFE T, 20t S TP IR AE RS VO (P-VO). FE
FHLRER VO (L-VO) LA &S T FiHi-H 2
(EEEMIA, BI (33) 1 w; =1, 3 (44)
wr; =1) M1 VO, 4iil RPE f&ks 1) RMSE @15 3
Fis. WFE 3 Al LLIT R A 2 Rk Rl & DL H i

IR 25 R G rE R M R TR . 75 0 BA Y
J&, £ P-VO ™, 280 % H I AL 28 SR R A0 1% I
A gt TRAEG T Y L RR R e BLIR BT
T ELA. Dy AR T VO SE SRS AT B I 0
(IELEE, FE3E 3 s P-VO (S 45 b 3%
Gt PR B AL I AL & Al 145 5. 1 PLVO R
WA IR, AT DUE 2 R Bl AR
IHE T Bk R R 1, i ELBE S T A SRR )
AL SR AR AT E H DA I8 Ak 1) R

Ak, AR PLVO. P-VO LM L-VO
LI AT R AT vk, HAR L E W E 10 Fros.
MEEF P-VO 5 L-VO Hik, PLVO &L 3138 m
T B LR B HOR - TH PR I8 47 B TR K] ahb S ek s
BT P-VO 5 L-VO. RE Wik, PLVO i {3
A[IEH] 6 ~ 10 Hz, i# & RGP ER.

4.3  ERMEHIIFA VO LI

N T BUEAS SCEE A 0, A PLVO AT
LB R AL 48 Ao B AR H S5, o M-
crosoft Kinect 2.0 £ /&% [ i€ /£ Pioneer 3-DX #l
2N LB K2 0.34 m (AL E. LI, HF

R 1 AFE VO FIEAD A B TR 70 b

Table 1  Comparison of RMSE of RPE for different VO methods
VO Hik
plane-seg-VO Prob-RGBD-VO Canny-VO STING-VO PLVO
frl/desk — 0.023 m/1.70° 0.031 m/1.92° 0.025 m/1.90° 0.021 m/1.37°
fr2/desk — — 0.008 m/0.45° 0.048 m/1.75° 0.008 m/0.42°
fr2/xyz 0.005 m/0.36° — 0.004 m/0.31° 0.004 m/0.34° 0.004 m/0.30°

fr2/360_hemisphere — 0.069 m/1.10°

fr3/cabinet 0.034 m/2.04° 0.039 m/1.80°

fr3/str_ntex — 0.019 m/0.70°

fr3/str_tex — —

0.108 m/1.09°
0.036 m/1.63°

0.092 m/1.47°
0.011 m/1.02°
0.014 m/0.83°
0.021 m/0.59°

0.066 m/0.99°
0.029 m/1.24°
0.012 m/0.49°
0.013 m/0.45°

0.027 m/0.59°
0.013 m/0.48°

fr3/office — — 0.010 m/0.50° 0.009 m/0.50° 0.007 m/0.47°
R 2 AR VO FELA L T HRRZEX E (m)
Table 2 Comparison of RMSE of ATE for different VO methods (m)
VO Hik

Prob-RGBD-VO Canny-VO STING-VO PLVO
fr1/desk 0.040 0.044 0.041 0.038
fr2/desk — 0.037 0.098 0.044
fr2/xyz — 0.008 0.010 0.008
fr2/360_hemisphere 0.203 0.079 0.122 0.105
fr3/cabinet 0.200 0.057 0.070 0.052
fr3/str_ntex 0.054 0.031 0.040 0.030
fr3/str_tex — 0.013 0.028 0.013
fr3 /office — 0.085 0.089 0.081
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Fig.9 Visualization of ATE and RPE for PLVO
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Table 3  Results of ablation experiment in term of the RMSE of RPE
VO Hik
PLVO PLVO () L-VO P-VO*

fr1/desk 0.021 m/1.37° 0.041 m/1.52° 0.039 m/1.56° 0.042 m/1.95°
£2/desk 0.008 m/0.42° 0.011 m/0.42° 0.018 m/0.52° 0.016 m/0.55°
r2/xyz 0.004 m/0.30° 0.005 m/0.34° 0.007 m/0.37° 0.004 m/0.27°
fr2/360__hemisphere 0.066 m/0.99° 0.096 m/1.20° 0.162 m/1.22° 0.118 m/1.42°
fr3/cabinet 0.029 m/1.24° 0.054 m/1.44° 0.097 m/1.70° 0.029 m/1.71°

fr3/str_ntex
fr3/str_tex
fr3 /office

0.012 m/0.49°
0.013 m/0.45°
0.007 m/0.47°

0.013 m/0.55°
0.015 m/0.49°
0.012 m/0.57°

0.015 m/0.48°
0.016 m/0.47°
0.016 m/0.59°

0.013 m/0.53°
0.023 m/0.75°
0.014 m/0.62°

*AEP-VO S b, ISR AR TS BLIK AL 2211 BT 2 5 RPE IR

® 4 P-VO PAZERMIBACTOUET L]
Table 4 Ratio of the degenerate cases in P-VO
frl/desk fr2/desk fr2/xyz r2/360__hemisphere fr3/str_ntex fr3/str_tex {r3/office
Ratio (%) 73.3 60.3 46.3 91.9 37.9 17.3

PRI NGB — N0 % RSN 8.68 m x
7.86 m. H PLVO FiE#AT L AR E A 5185
I, B =4 S EmE 11 . B 11(a)
ML A S, B 11(b) FIE 11(c) Al T EA
B AR RRER T, 11, T =405 M RGBS AN &5
KK S =B W 11 Bl LA, PLVO £ 5
S NI EE SIS B U R 52 RS S B8 A\ A
it

5 Z5FRIE

ARSCHR W TR T A ELZR B & N R
Mo BT BV 3 T X R <08 7 o 41 TR B
iEg — & PLHAG, 787058 1 Vi 5-F i, %
-5 EECZ M B LR AR, SEHL T PRI IE iR &
KUK, P 1 2R AE DR I 45 2R 4 E il 2 A0 4 [
MAEAE T RGB-D AHBLELZE Y, 7870 A% T -1 1%
RGNSy G WP S e I YN S R S
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Fig.10  Boxplot of statistics of the runtime per frame for PLVO, P-VO and L-VO
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Fig.11  Real-world experiment in a laboratory using a mobile robot
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