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Feature-based/Direct SLAM

Direct SLAM

Feature-Based SLAM

Minimize Photometric Error

Minimize Feature Reprojection Error
Semi Dense | Dense Reconstruction

Sparse Reconstruction
DTAM, LSD-SLAM, DPPTAM

PTAM, ORB-SLAM
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1) Monocular ORB-SLAM
(Mur-Artal, Montiel, Tardos T-RO 2015)

2) Monocular Semi Dense Mapping
(Mur-Artal, Tardos, RSS 2015)

3) Stereo/RGB-D ORB-SLAM
(unpublished)

The Future of Real-Time SLAM (ICCV'15 Workshop). Raul Mur Artal. University of Zaragoza.
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Parallel Tracking and Mapping (PTAM)

G. Klein and D. Murray

Parallel Tracking and Mapping for Small AR Workspaces
ISMAR 2007.

V First keyframe-based monocular SLAM

V Bundle adjustment is possible in real-time

Relocalisation with little invariance to viewpoint
No loop closing/detection mechanism

Small scale operation

X XXX

User intervention for map initialization and a dominant plane

‘ The Future of Real-Time SLAM (ICCV'15 Workshop). Raul Mur Artal. University of Zaragoza.
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Motivation AL Zaragoza
Scale Drift-Aware Loop Closing . ,_.;Mf mﬁ'w
H. Strasdat, J. M. M. Montiel and A. J. Davison 2( "x
Scale Drift-Aware Large Scale Monocular SLAM 2 A

RSS 2010 i_‘&;;:\l‘/

=
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Covisibility Graph
H. Strasdat, A. J. Davison, J. M. M. Montiel , K. Konolige o ©®
Double Window Optimization for Constant Time Visual SLAM .

ICCV 2011 % .

Bags of Binary Words (DBoW) |
D. Galvez-Lopez and J. D. Tardos | a
Bags of Binary Words for Fast Place Recognition in S =
Image Sequences et

T-RO 2012
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ORB'SLAM Ali Zaragoza
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Automatic Map Initialization i Zaragoza

ORB-SLAM

Model Selection

Homography https://youtu.be/UH8KXK8U Ko
(Planar, Low Parallax)

Fundamental Matrix
(General)

PTAM



https://youtu.be/UH8KXK8U_Ko
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Tracking I: Occlusion Handling i, Zaragoza

ORB-SLAM

Covisibility Graph

Track only a local map
(potentially visible)

https://youtu.be/UH8KXK8U Ko?t=16s
MapPoint

Mean Viewing Direction

Do not project if
further than 60°

PTAM



https://youtu.be/UH8KXK8U_Ko?t=16s
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Tracking ll: KeyFrame Insertion i Zaragoza

ORB-SLAM

Survival of the Fittest
KeyFrame Selection

Little Restrictive Insertion
. https://youtu.be/UH8KXK8U Ko?t=46s
(no distance threshold) pS-1y -
Restrictive Culling
(redundant keyframes
detection)

PTAM



https://youtu.be/UH8KXK8U_Ko?t=46s

Relocalisation
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Bags of Binary Words

Same ORB than
Tracking and Mapping

High Viewpoint
Invariance
(ORB)

ORB-SLAM

PTAM

https://youtu.be/UH8KXK8U_ Ko?t=1m1lls
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ORB-SLAM
KITTI Dataset. Sequence 00

https://youtu.be/8DISRmMsO2YQ

The Future of Real-Time SLAM (ICCV'15 Workshop). Raul Mur Artal. University of Zaragoza.
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ORB-SLAM

PTAM
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TUM RGB-D Benchmark

RMS KeyFrame Position Error (cm)

Median over 5 executions

><  Tracking failure
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Comparison with RGBD-SLAM

Use depth information!

Pose
Point Cloud Point Cloud Graph
Subsampling Storage ¢
Featur_‘e Descri[_:-tnrs, Tran5fonn_ati:}n Transfor- Transf_orrjation Tran?fnr, tl'ir{iph_ Trajectory MEF
Extraction 3D Positions Estimation mations Validation mations Optimization Creation

Backend

l Descriptors,

3D Positions
S Frontend

Matchmaking
Strategy

Descriptor
Storage

F. Endres, J. Hess, J. Sturm, D. Cremers and W. Burgard

3-D Mapping with an RGB-D Camera
IEEE Transaction on Robotics, 2014.
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PTAM

RGBD-SLAM
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TUM RGB-D Benchmark
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Comparison with LSD-SLAM

Zaragoza

Use directly pixel intensities!

Tracking

New Image
(640 x 480 at 30Hz)

\

Track on Current KF":
— estimate SE(3) transformation

“rp(p.£)

min
£cse(3) )

&

f tracking reference

Create New KF
— propagate depth map
to new frame

— regularize depth map

Refine Current KF
— small-baseline stereo
— probabilistically

merge into KF

— regularize depth map

¢ replace KF

¢ refine KF

I N P e T ST T TP T TS PR PTTY PLMME SRR T PR PRI PLES FITS PUSE SEE VEe e

~

Current KF

J. Engel, T. Schops, D. Cremers
LSD-SLAM: Large-Scale Direct Monocular SLAM
European Conference on Computer Vision (ECCV), 2014.

State-of-the-art in Direct SLAM

i e e e R S S R G R ST P e e e TR A

Map Optimization

Universidad

Current Map

"fr

‘ add to map

Add KF to Map

— find closest keyframes
— estimate Sim(3) edges
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2
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min 4
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&

-
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TUM RGB-D
Benchmark

ORB-SLAM | PTAM | RGBD-SLAM | LSD-SLAM
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Comparison with LSD-SLAM AL Zaragoza

ORB-SLAM

fr3/structure https://youtu.be/UH8KXK8U_ Ko?t=1m40s
texture_near

LSD-SLAM



https://youtu.be/UH8KXK8U_Ko?t=1m40s
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Robustness

Reliable two-view monocular initialization
Good invariance to viewpoint and illumination
Less affected by auto-gain and auto-exposure

Less affected by dynamic elements

Accuracy
Bundle adjustment (joint map-trajectory optimization)

Place Recogniton (loop detection, relocalization)
Bags of Words

But sparse reconstructions ...

‘ The Future of Real-Time SLAM (ICCV'15 Workshop). Raul Mur Artal. University of Zaragoza.



SEMI-DENSE MAPPING

Probabilistic Semi-Dense Mapping AL Zaragoza
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Probabilistic Semi-Dense Mapping

High Gradient Pixels Inverse Depth Map
& uncertainty

KeyFrame

Compute each inverse depth map from scratch using neighbor keyframes

The Future of Real-Time SLAM (ICCV'15 Workshop). Raul Mur Artal. University of Zaragoza.
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Per Pixel Operations

A
P
E\ J,-‘U.—(pj r }':_, )
s \
= =
2 ,0
Epipolar search in neighbor keyframes Generate an inverse depth hypothesis
per neighbor keyframe
- r
Intensity Image noise
Gradient Modulo Uncertainty < Parallax
Matching ambiguity

Compare <

.

Gradient Direction
.
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Per Pixel Operations
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Probabilistic Semi-Dense Mapping

Per Pixel Operations

Neighbor KF

H Neighbor KF

Inverse De}th Map

Neighbor KF

Inverse Depth Map

Inverse Depth Map \ \ /
|

Inverse Depth Map

Inverse Depth Map

Intra-Keyframe
Inter-Keyframe

Smoothing

Outliers Detection
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Probabilistic Semi-Dense Mapping

https://youtu.be/HIBmq70LKrQ

The Future of Real-Time SLAM (ICCV'15 Workshop). Raul Mur Artal. University of Zaragoza.
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Stereo/RGBD ORB-SLAM

Stereo (rectified)

Left Extract Stereo match stereo keypoints: (u v u_)
Image ORB Matching _
no match monocular keypoints: (u v )
Right Extract
Image ORB
RGBD
valid
Generate depth L
Image Eétlgaéct Stereo stereo keypoints: (u v u_)
Coordinate| . .. monocular keypoints: (u v )
Depth- depth
map b f
Yr=UL = =~ Bundle Adjustment
with monocular and

stereo measurements

The Future of Real-Time SLAM (ICCV'15 Workshop). Raul Mur Artal. University of Zaragoza.
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Stereo/RGBD ORB-SLAM

Close stereo keypoints (depth < threshold)

Triangulation: 1 Frame
Vv Fix scale Vv Pure rotations

v Agility

Far stereo keypoints (depth > threshold)
Triangulation: 2 Keyframes

Vv Moderate scale fix
4 Improves rotation estimation

Monocular keypoints (no stereo information)
Triangulation: 2 Keyframes

Vv Robustness to sensor limitations (RGBD)
4 Robustnhess to matching failure (stereo)

‘ The Future of Real-Time SLAM (ICCV'15 Workshop). Raul Mur Artal. University of Zaragoza.
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Monocular Stereo
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Scale drift!

= ESstimation
—  Ground Truth
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Stereo ORB-SLAM

https://youtu.be/51NQvg5n-FE

The Future of Real-Time SLAM (ICCV'15 Workshop). Raul Mur Artal. University of Zaragoza.
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nym T e R P P

: Setting

Method Rotation Runtime | Environment .| Compare |

1 V-LOAM 0.75 % . 0.0018[deg/m] = 03s | 4 cores @ 2.5 Ghz (C/C++) ]
"J.Zhang and S. Singh: Visual-lidar Odometry and Mapping: Low- rift. Robust. and Fast. IEEE International Conference on Robotics and Automation(ICRA) 2015. e
2 LOAM . _ 0.88 % 00022 [deg/m] | 10s | 2 cores @ 2.5 Ghz (C/C++)

i S S S LA s Gty Sh Visb g i e e FBmics: S A Sysene Conarees (RAS) 2014

0.0028 [deg/m] 1 core @ 2.0 Ghz (C/C+4+)

Translation

e T A T T

0.98 %

(=
T 1.03 % 0.0029 [deg/m] 2 cores @ 2.5 Ghz (C/C++)

i, Cvisic and | Pefrovic: Stereo odometry based on carefui feature seiection and fracking. European Conference on Mobile Robots (ECMR) 2015,

5, ovaxvl-sc i) : . 109% 00029[deg/m] = 0145s | GPU @ 3.5 Ghz (C/C++) i

"I Persson, T. Piccini, K. Mester and M. Felsherg: Robust Sterec Visual Odomeiry from Monocuiar Techniques. IEEE intelligent Venicies Symposium 2015

‘6 : 1.14 % 0.0049 [deg/m] | 01s | 4 cores @ 2.5 Ghz (CIC++) '

J.Zhang, M. Kaess and S. Singh: Real-fime Depth Enhanced Monocular Odometry. IEEE/RSJ Intemnational Conference on Intelligent Robots and Systems (IROS) 2014.

7 S-ORB

code

1.20% 0.0030 [deg/m] 2 cores (@ =3.5 Ghz (C/C++)

B
: 8 S-LSD-SLAM [ code 1.20 % | 0.0033[deg/m] | 0.07s 1 core @ 3.5 Ghz (C/C++) O

"3 Engel, J. Stuckier and D. Cremers: Large-Scale Direct SLAM with Stereo Cameras. int ~Conf ~on inteliigent Robot Systems (IRGS) 2015,

2 cores (@ 3.0 Ghz (C/IC++)

[degfm]

9 NOSM ' 1.21 %

0.0036

2 cores @ 2.5 Ghz (C/IC++)

: 1 Core @2.8GHz (C/C++)

Wi Lu, Z. ¥Xiang and J. Liu: High-performance visual odometry with two- stage local binocular BA and GPU, intelligent Vehicies Symposium (IV), 2013 IEEE 2013.
i 2FO-CC i i 1.37% i 0.0035 [deg/m] 01s 1 core @ 3.0 Ghz (C/C++) ;

e 5 S SagE norving e oo Eaimaion by Cormsci s Calbraion e VIGRB BGTE,

i E i . 00030[deg/m] | 01s | 1 core @ 2.0 Ghz (CI/C++) ' '

14

: : 8 cores @ 3.5 Ghz (Matlab + C/C++)
e

1 core @ =3.5 Ghz (C/C++)
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Stereo ORB-SLAM

https://youtu.be/dF7_12Lin54

The Future of Real-Time SLAM (ICCV'15 Workshop). Raul Mur Artal. University of Zaragoza.
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RGBD ORB-SLAM

https://youtu.be/LnbAl-07YHk

The Future of Real-Time SLAM (ICCV'15 Workshop). Raul Mur Artal. University of Zaragoza.
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Monocular ORB-SLAM

R. Mur-Artal, J. M. M. Montiel and J. D. Tardos. A versatile and Accurate
Monocular SLAM System. IEEE Transactions on Robotics. 2015

Open-source
github.com/raulmur/ORB_SLAM

Monocular Semi-Dense Mapping

R. Mur-Artal and J. D. Tardos. Probabilistic Semi-Dense Mapping from
Highly Accurate Feature-Based Monocular SLAM. Robotics: Science
and Systems. 2015

Stereo/RGBD ORB-SLAM
Unpublished

Open-source coming soon!

The Future of Real-Time SLAM (ICCV'15 Workshop). Raul Mur Artal. University of Zaragoza.
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