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Zaragoza, where is that?
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Motivation (late 1980s)

Simultaneous Localization and Mapping
Is it possible to use a vehicle, starting at an

e unknown initial location, in an
e unknown environment, to
e incrementally

build a map of the environment,
e and at the same time

use the map to determine
the vehicle location?
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Motivation

-
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Outdoor vehicles

Longitude (m)

Victoria Park, Univ. Syndey
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Underwater, Airborne
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Fundamental issues

e Scaling: how large are the environments that we
can map in real time?

e Robusthess: can we deal with sensor error and
cluttered environments?

e Visual SLAM: cameras are inexpensive,
lightweight and provide enormous detail, can we
do SLAM with cameras only?
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A Unibrain fire-I camera, a laptop
and a firewire cable
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Monoslam (A.

Davison)

Controls Toggles

Graphics Toggles
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The EKF SLAM algorithm

Algorithm 1 SLAM:

x5 = 0; P§ = 0 {Map initialization}

[zg, Ro] = get_measurements

[xF, PP] = addnew_features(x?, P¢, zo, Ry)

for £ =1 to steps do
[XRk ' Qrl = get_odometry
(%715 P11 = EKF prediction(x;’ ,, P, ng 5 Q)
[z, Ri] = get_measurements
Hj = data_association(x;i; 1, Pile_1, Zr, Ra)

O(n?) [x;’, P;] = EKF update(x;}, |, Piji_1, Zr, R, Hi)

[x, P?] = add_new _features(x., P, z, Ry, Hz)

ROBMECH 2011, Pretoria 12



3D feature representation

3D points: Inverse depth points:

e - Cartesian coordinates - Camera position the first
time the feature was seen

L /xz\

Yi — Y; Yi
Zq _ <
Yi — 0.
. 7
- Azimuth ¢
- Elevation l
- Inverse depth \ P /

J.M.M. Montiel, J. Civera, A.]. Davison: Unified inverse depth

parametrization for monocular SLAM. IEEE Transactions on
Robotics, October 2008.
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Robustness: data association

Individual tracks Jointly compatible
tracks
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Nearest neighbor .vs.
Joint Compatibility
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Scalable EKF SLAM:

e | ocal maps of limited size .
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Hierarchical SLAM

e Global level: adjacency graph and relative
stochastic map
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Sequence of Iocal maps

15 maps with 1505 features

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

""""" ; - -—-200

rrrrrrrrrrrrrrrrrrrrrrrr ~-180

S-160

o140

R T B e R RREE ERER CEFEIY SN S - 120

~-1-100

rrrrrr —-80

,,,,,,,,, : ..1 ,,,,f,,f_so

""""" TR S 40

: o R :

‘ < ‘
rrrrrrrrrrrrrrrrrrrrrrrrrrr ; % 20

: D :

= Ui The scale is arbitrary (not observable)
A1 Zaragoza

1542

ROBMECH 2011, Pretoria

19



With scale compensation

15 maps with 1505 features
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Loop closing: map-to-map
matching

LOOP CLOSING

FIRST MAP LAST MAP
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Loop closing

15 maps with 1505 features
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Loop closing (lateral view)

15 maps with 1805 features
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SLAM using only stereo
e Experimental setup

A bumblebee, a laptop
and a firewire cable
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Depth .vs. Inverse Depth
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Basic EKF SLAM

Step = 601, Obsertvations m =20
LEFT Image RIGHT Image
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Divide & Conquer SLAM

Number of Maps : 2

y position(m)
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Divide & Conquer SLAM

Number of Maps : 1
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de & Conquer SLAM
Number of Maps : 2
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de & Conquer SLAM

1VI

D

Number of Maps : 3
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de & Conquer SLAM
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de & Conquer SLAM
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Divide & Conquer SLAM
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de & Conquer SLAM

1VI

D

Number of Maps : 3
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de & Conquer SLAM
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D

Number of Maps : 2
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de & Conquer SLAM
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de & Conquer SLAM
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de & Conquer SLAM
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de & Conquer SLAM
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Divide & Conquer SLAM

108 Zarago:

y position(m)

Number of Maps : 1
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Loop Trajectory

EKF Number of Maps : 1, features: 16
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L. Paz, J. Neira and J].D. Tarddés Divide and Conquer: EKF SLAM in
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Amortized cost per step
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6DOF SLAM with stereo

Current Submap with 29 features

201
Step = 2, Observations m = 46 10+ I
LEFT Image RIGHT Image o~
s L & T e 4 |
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100 100 @
@
150 150 = 201
200 200 = "" a0t
100 200 300 100 200 300 i
0T
-60
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L. Paz, P. Pinies, J. Neira and ].D. Tardds Large Scale 6DOF SLAM
with Stereo-in-Hand. IEEE Transactions on Robotics, 2008.
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6Dof Stereo SLAM, outdoors
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6Dof Stereo SLAM, indoors

QUEVEDO BUILDING
Step = 3, Observations m = 23

LEFT Image RIGHT Image
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6Dof Stereo SLAM, indoors
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The Loop Closing problem

N\

e Detected loop closings increment map precision

e Undetected ones make the system miss the
opportunity to do so

e Incorrect loop closings destroy the results
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Visual Loop Closing

Input: Scene at time ¢, Database (1,...,t — 1)
Output: Time t’ of the revisited place, or null

Database (1,...,t—1)
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The RAWSEEDS Project

#Iimage : 1 of 32241

Image file name : SVS_T_1223309581.066272.png

Image file name : SVS_L_1223309581.066447.png Image file name : SVS_R_1223309581.066623.png
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e Ground Truth trajectory (Outdoors)

Obtained with GPS
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Ground Truth Loop Closings (Outdoors)

Painstakingly manual GT
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TRINOCULAR indoors

#Iimage : 1 of 26335

Image file name : SVS_L_1235603336.036609.png

Image file name : SVS_R_1235603336.036702.png
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Ground Truth Loop Closings (Indoors)
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FAB-MAP

True positives

False positives
True negatives
False negatives
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False Positives




False Positives
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False Positives
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CRF Verification using stereo
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(a) Indoor

CRF 3D: Less (but still) false positives
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False positives

Scene 942 Scene 637

(b)

Scene 942 Scene 637

L |
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Scene 292

False positives

Scene 218
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Using ALL information
e Far (blue) + Near (red)

»'[.
%

Far information
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When does far information
help?

Scens 2224 Scens 11
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When does far information
help?

ID 1279645570847876 ID 1279556067203571
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CRF Verification using Image AND
stereo
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BoW + CRF 3D + IM

A

No false positives,
All loops detected
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Missed two loops :-(
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Is SLAM solved?

o Editorial by Udo Frese (U. Bremen) with S. Thrun, J.
Neira, in Journal Kunstliche Intelligenz 2010:

e Maybe for indoor static environments, but...

e SLAM is NOT solved for:
— Dynamic environments
- Semantic SLAM
- Lifelong execution

e Estimation methods are well understood:

- EKF, EIF, SAM, TJTFs, graphSLAM, bundle
adjustment

e Data association is still a challenging problem
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