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Problem & Motivation

Research Background: SLAM vs VO

 Visual SLAM

« Visual SLAM2| = = mobile agentOfl & Xi El sensorE O|- &3l environment map2 Bt=11,
« 1 map 20l A| agent?| poseE real-time2 2 A 4LtSH= A

* Visual Odometry, VO

« VO£ map building ECt= agent2| ego-motion, & 7t 2 XtA10] 221 =H| =X

SLAM vs VO
* SLAM2 maps FA|ISt1 1A =S CHA| AFES = AKX T,

¢ VO£ MIOI&X S Z X|Z frame AFO| 2| motion estimationd| & &
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Problem & Motivation

Problem: Drift Accumulation

L
—|_I_&||

E|0f, A|ZH0| X|'E 5 estimated trajectory”?t & A| trajector@t

* Drift
« Drift= pose estimation IP3 0| Al 22 X7t A

A HO|K|= &AL

Short-term data association2| A

o M2 VOAAHIZ EZ H X SO 22 map elementZh AHE.
o 2tF QAT AOFO M AL2EX|H HEE AoH 2|7 &0, 22 SY S CHA] X[LEL drift7t A& =8 E = US.
« SLAM map2| &%
ingd 8% = 0 driftg &0|= O |2,

« SLAM map2 O|H £t=Z CtA| matchingdtl BAO
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Motivation: Data Association

Short-term data association

A2 H X S50 AL map element?} &

frame= matching.
- OIF&E2 VO A|AHIO| 2 ArE5t=

o
H}
o

N
N

Mid-term data association

« camera = M0 A2 drift7f Ot2] A =% El map elementZ matching

=
« Mapped area 8| M zero driftdll 7t77t2 82 U= O 2

=
=
o

* Long-term data association
- 0|0 &2t TAE place recognition2 2 CHA| RH-Z

- Loop detection, map merging, relocalization0f A& k[, drift reset} map correctiond| &2

RAISE LAB



ORB-SLAM3 Main Claim

« ORB-SLAM3+ monocular, stereo, RGB-D cameraOi| A visual, visual-inertial, multi-map SLAMZ2 %
dot = U= A|2H

* Novelty 1
« Map estimation®| 7|25t tightly-integrated visual-inertial SLAM system= | 2t

* Novelty 2

« RecallO| 7| &l place recognitionZ} multi-map system= S} tracking loss & ME Al map= Bt=212, LS 0| O|™ map
0f XFAA A merge.
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ORB-SLAMS3 Overall System

. HH T

« ORB-SLAM3+= ORB-SLAM22 ORB-SLAM-VIE 7|2t2 = 3}, pure visual model} visual-inertial mode 25 0| A &S%f5}
+ full multi-map, multi-session system.

« 8 component
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Figure 1: Main system components of ORB-SLAM3.
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Tracking Thread

S EEH
« Tracking thread= camera frame0l| A| ORB featureS F==.
+ Visual-inertial mode 0| A= IMU measurement= 274 AHE X0 IMU

integrations .

TRACKING

Extract
ORB

Initial Pose Estsmation

froem last frame,
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Map creatsan
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Track Hew EeyFrame
Local Map Decision

- . . ! ATLAS ! Frame
« AXl framel| Z£7| pose+ last frame, relocalization, &= map | oBowa —— 1=
creation2 &0l =78 | KEYFRAME I
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RAISE LAB



Atlas: Multi-Map Representation

« Atlas

- Atlas disconnected map=2| & &2 HSt= multi-map representation.
» Active Map

« X frame?2| local mappingO| X &|= map.

+ Incoming frame<= active map®l Ci 3l localization.
* Non-active Map

« Xl frame?2| local mappingO| 2 &= map.

+ Incoming frame<= active map®|| L5} localization.

DBoW2 KeyFrame Database
« Atlas= StLI2S| DBoW2 keyframe databaseS 77

«+ O] database+ relocalization, loop closing, map mergingOi|

SEHOZ AE
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Initial Pose Estsmation
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Figure 1: Main system components of ORB-SLAM3.
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Tracking Loss Recovery

« Tracking lost
« TrackingO| AI{5I™H ORB-SLAM3+= S Xl frame= Atlas@t2| 2-E mapOf Al relocalizationSt2 1 A| .

* Relocalization success
« Relocalization0] 4&3}H trackinS XH 7|

« OBt AL active mapS Mzt

* Relocalization failure
- 2 A7t &9 relocalizationdl| A T{SHH 7| = active map= non-active map2 2 M & &,
« O|Z MZR active mapO| scratchOf| A| Z=7|3| &,
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Local Mapping Thread

KeyFrame Insertion

« Tracking thread0|| A 2 EH Zl keyframe= active map0i| & &

MapPoint Management

= It X]|

« Recent map point & S&0| ZAHLI Z=0| 23t pointE

* keyframe 7t matchingS &3 AlZ=2 map pointE ‘44

Local BA

« active map2| local window 2t0{|A| keyframelll map pointE %X 2}

« visual modeX M= visual BAS =35}, visual-inertial modeOf| A=

visual-inertial BAZ =¥

IMU Initialization & Scale Refinement

+ inertial caseO®| Al = mapping thread?} MAP estimation 7| gt
IMU parameterZ initializedt 1 refine®

|0

=

TRACKING
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Loop & Map Merging Thread

Place Recognition

« M keyframeO| E0{ 2™ DBoW?2 databaseE querydt| 1t keyframell FASH HAQIX| &3

Loop Correction

« matchingEl keyframeO| active map 2t0| A2 ™ loop closure &

« O] 8% accumulated driftE &0|7| /3l loop correctionE +=&

Map Merging

 matching®l keyframeO| CtE map0l £ Y 2™ map merging

o

« ORB-SLAM3E 5 map= seamlessStA mergeStil, merged map=

active map2 2 Dtz

Full BA

« loop correction 0|2 Full BAZ independent threadOf A{

O real-time performance

=2 o
= 1T

X|IStHA map2 refinedt

Al
=
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Improved Place Recognition
- 7|& DBoW22| $H

« DBoW2+« false positiveE =0|7| ?I5f Ml 72| AL keyframeO| &2
- O] HAL2 precision2 =O0|X| Tt recall2 ¥+

B H 1 matching®l= temporal consistencyS 2
= ZF1, loop closing0] =0{X|=

=X 7k Z i

- ORB-SLAM32| 74

- candidate keyframe2 X geometric consistency® 435.

« O|Z M 712 covisible keyframe= O| &3l local consistencyE 29l
k=2l

- place recognition recall2 &0|11 data association2 L ZYSHAH BHE0] map accuracyE SHAHAI

o O ]
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Experiments

 Dataset

 EuRoC dataset: 117l sequenceE AtE
« TUM-VI benchmark: fisheye cameraE At&3}= visual-inertial SLAM 452 E7t

« Sensor
* Monocular
+ Stereo
* Monocular-Inertial

» Stereo-Inertial

e Metric
« RMS ATEE AME
« pure monocular case= Sim(3) alignmentE AFESt1, LIHX|= SE(3) alignmentE A&

* Hardware
« Intel Core i7-7700 CPU, 3.6GHz, 32GB memory, CPU only EZ0A &H
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Single-Session Results

* Overall result
« ORB-SLAM3+= Y| 7tX| sensor configuration EF0|A| 7|E state-of-the-art®2 Lt & &2 accuracyg 2 ¢

| | [ MHOI MHOZ MHOZ  MHM MHOS [ VIOL VI0Z VIO | w201 vaoz w203 | Ave" |
TORB-SLAM .
S EEEEgemeHom [ ATE®S 0071 0067 0071 0082 0060 | 0015 0020 - 0021 0018 - 0047+
T T T E T ;A ~& & o reom o4
T 3 3 3 % > > > 2 = > . D50
0.5 e ATE 0046 M6 0172 3810 0010 | 0089 0007 0903 | 044 0032 1152 | 060l
nAs =
W
040 Monocular Su? ATE 0100 0120 0410 0430 0300 | 007 0210 - 0010 0110 1080 | 0204+
I SN - - - - -
. = 0.35 EIJ;’IIJ ATE 003 0036 (055 0057 0067 | 0095 0059 0076 | 0056 0057 0784 | w126
5 £ 0.3 al
SLANMT -
i ._’: 0.35 ”R?n‘u’]r‘;;‘j ATE 0016 0027 G028 038 0072 | 0033 0015 0033 | 0023 0029 - 0.041%
: ;
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.om Steren VO
- o ATE 040 007D 02700 OIT0 0020 | OMMO0 0040 0070 | 0050 0090 0790 | 0159
SLAMT - N N
”R?“‘u’]r';;” ATE 0029 0019 0024 0085 0052 | 0035 0025 0061 | 0041 0028 0.S21 | 0S4
MCSEF = N _ , N
33) ATE 0420 0450 0230 0370 0480 | 0340 0200 0670 | 0000 0160 1130 | 0414
OEVIE ] ] ) ¥ N 3, 7 7
) ATE 0060 0220 0240 0340 0470 | 0090 0200 0240 | 0030 0060 0290 | 0231
£ ROVIO G 9 25 15 . 52 2 5%,
T 2] ATE 0210 0250 0250 0490 0520 | 000 0000 0040 | 0020 0040 0140 | 0224
E Monocular | ORBSLAM-VI ATES™ 0075 0084 0087 0217 0082 | 0027 0028 - 0.032 0041 0074 | 0.075°
£ Inertial 141 scale error™? 05 08 15 35 0.5 0.9 08 , 02 14 07 LI*
& G
\']N&[’ﬂr{mm ATE? 0084 005 0074 0122 0047 | 0047 0066 0080 | 0056 0090 0244 | 010
VIFDS0 ATE e 0T 0117 0133 O.I21 0059 0067 0096 0D 0062 0.1 (3]
[46] scale error 1.1 05 0.4 0.2 0.8 1.1 11 08 12 03 04 0.7
ORB-SLANT RTE 1017 % e TS| /S | -3 VX B 1 3 O K S . O I 1
(ours) scale error L4 03 0.8 e 03 20 06 22 07 04 L0 0.9
. - ]N*Iﬁrhmn ATE? 0066 0152 025 0280 0284 | 0076 0069 0114 | 0066 0091 0096 | 0138
Figure 4: Colored squares represent the RMS ATE for ten FASALT ; .
—_— o ATE! 0080 0060 0050 000 0080 | 0040 0020 0030 | 0030 0020 - 0.051%
ditferent execution in each sequence of the EuRoC dataset. Ineial KL;:;TN ATE 0080 0000 0010 0050 0240 | 0050 0110 0120 | 0070 0100 0090 | 0119
ORB-SLAM?T RTE T3 G083 G035 G051 (082 | G038 00013 0424 | 0052 0001 G0 | 0SS
{ours) scale error 1.6 02 0.6 0.2 0.9 0.8 06 08 11 02 02 0.6
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Multi-Session Results

* Multi-session setting

e Z2 environmentd SHESH= 2| sessions =AIH O E K|

=
« X sequence= initial map2 Ml 33t1, 0| sequence= new active map2 Z A|&5H F| O] ™ session mapdt merge &l

-

Table V: Multi-session REMS ATE (m) on the EuRoC dataset.

R I For CCM-SLAM and VINS we show results reported by
e Results o _ el
the authors of each system. Our values are the median of 5
¢ ORB-SLAM3+= EuRoC multi-session AN A 7|& multi-session gt executions, aligning the trajectories with the processed GT.
HCt 28 O|& =2 accuracyE E ¢ Room Machine Hall | Vicon 1 | Vicon 2
Sequences MHO1-03 [MII{H-{E WVI101-103 | V201-203
ORB-SLAM3
Mono ATE (030 (L0358 0.058 (1.284
CCM-SLAM
Mono [71] ATE 0077 - -
ORB-SLAM3
Stereo ATE 0.028 (044 0.027 .163
ORB-SLAM3 ATE 0.037 (05 0.040 0.045
Mono-Inertial  Scale error 0.4 (.3 1.4 0.9
VINS [7] N
Mono-Inertial ATE ] 0.210 )
ORB-S5LAMA ATE 0.041 .04y 0031 0.046
Stereo-Ineriial  Scale error (1.6 0.3 .6 (.8
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Conclusion

Limitations

* Main failure case

« ORB-SLAM32| =8 failure case= low-texture environment

 Feature-based method?| ¢H7|

« ORB-SLAM3+ ORB feature descriptor matchingOfl 7| gt
 texture?l £55IA L Bt= O HO| B2 2HF 0| M= feature matchingO| =t EE = US

« Direct method2t2| trade-off
« direct method= low-texture 280 A O robuste = A2

o B}X|2F =22 direct method=S0| short-term EE-= mid-term data association0| X|¢tx|= Zg0| QCt
x|I—I
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Conclusion

Discussion
« O| =29 MA
b

[of

« ORB-SLAM3= M Z2 neural model2 Aot =F0|2t7| 2L} 7| F visual SLAM 74 24 012 HustA &g
system paper0i| 7HZLCt.

o SHy of A
« ORB-SLAM32| M& A2 Ct=3| ORB featureE At 7| 20| OtL| 2}, short-term, mid-term,
ata

o
long-term, multi-map data associationg 25 &-83H7| I F0|C},

Conclusion

Takeaway 1

« ORB-SLAM3= visual, visual-inertial, multi-map SLAMZ &g2F open-source SLAM systemO| L},

Takeaway 2
« Atlas +ZEE &9l tracking loss O| 20| = M map2 =1, LSO 7|E mapdt mergee =
UL,
Takeaway 3

« Improved place recognition2 loop closing2} map merging?| recall& =0 accuracyE 7§t
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