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SLAM seeks to answer this question:
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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(video: Paul Newman)
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e Scaling: how large are the environments that we
can map in real time?

e Robustness: 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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Algorithm 1 SLAM:

xg = 0; P§ = 0 {Map initialization}

[zg, Ro] = get_measurements

[xJ, PP] = add_new_features(xg, PY, zo, Ro)

for £ =1 to steps do
[XRk ' Qrl = get_odometry
(%71 Prx_1] = EKF prediction(x;’ ;, Py, Xg: 5 Q)
[z, Ri,] = get_measurements
H), = data. assomatlon(Xﬁ,~C 15 Pk|k s Zk, Ry)

O(n?)  [x;/, P;’] = EKF update(xyj,_,, Py 1, zr R, H)

[x”, PP] = add_new_features(x?, P?, z, Ry, Hy)

ﬁ end for
ROBOTICS
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e - Cartesian coordinates

)
Yi — Y;
Zq

- Camera position the first

time the feature was seen

| Yi —
- Azimuth

- Elevation
- Inverse depth

[z )
Yi
Zj
0;
O;
\ Pi )

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

parametrization for monocular SLAM. IEEE Transactions on
Robotics, October 2008.
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Individual tracks Jointly compatible
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e Global level: adjacency graph and relative
stochastic map
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15 maps with 1505 features
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LOOP CLOSING

FIRST MAP LAST MAP

s0 N
100
150
200

e Technische Universitidt Miinchen, 2010




UNIVERSIDAD DE ZARAGOZA

15 maps with 1505 features

-850 . 0 50 oq -
.« o L ot el Basi Pt ape o3 .,1 Ry
.2 .3 R . fer Ay
<. Pe oth ., . . .. o,
. -, LN ..
' . A% ~
'ﬂ.l\ -
o .
® .
.
-
-~
‘o‘
.
.0-
.'.
.
0
~”
* .-
o o

Technische Universitat Miinchen, 2010

»
-

-

“leatast e

-

.

-%180

—§-1eo

SN 440
' ‘-"- ]
Sx
o oade |
et 4120
R |
<
o {
° ~-100
Q' |

—-80
-4-60
—-40

20

-20

21




100 —

80 —

60 —

40 -

20—

-20 —

-40 -

-60 —

15 maps with 1505 features

| | |

UNIVERSIDAD DE ZARAGOZA

-850

|
0 50 100 150
Technische Universitat Miinchen, 2010

22




MGL S

'“Qﬂ-\‘b-l‘

L. Clemente, A. Davison, I. Reid, J. Neira and J.D. Tardds Mappihg
L\ Large Loops with a Single Hand-Held Camera. Robotics:
ROB Science and Systems, 2007.




e Experimental setup

A bumblebee, a laptop
and a firewire cable
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Step = 601, Obsertvations m =20
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Number of Maps : 2
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Number of Maps : 2
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Number of Maps : 3
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Number of Maps : 2
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Number of Maps : 3

AR OQmI\; e J
\N@ﬁﬁ QQ \Mﬁoﬁo 0’00 WWWV

QQWJNU erere :

o 3\%\“&. R\QSA\J%@/U%M,
wm ()OO DD w® @@
(5 ?;w) VO®®® ® @ @e,
®®®®® &

®®® ® ®d)

®®® ® ® @

©®e e e®®

x
@ @,
X
®

i

®

e o o ® ® @

e o o @ @

0
o ®
)

i g

5/5@@@@@@
[ ]
L ]

\‘\\....DOG@

LA 4

(w)uonusod A

<9
o
R R
_p
- &
[} i
| !
L“.@._” m
! S
! q, !
,_..m..._” !
! SO

X position(m)

34

Technische Universitat Miinchen, 2010

<
N
0
0
<
14
g
N
1]
)
)
<
a
0
14
w
>
z
]




Number of Maps : 2

\4&\.@@(; e i

Nw\o\wﬁoﬁo e e WWWV
%\\oq ou%rl a e
M@#\& .Jm\ Q@faﬁu@@@hﬁ
o) m&% (D ®® O @@
h\;wb VO®®® ® @ @e,
®®®®® ®

®©® ® ® ®)

Pe® ® ®@
®© ®
®®
(] @,,
* &
=

i

(o)
®
C)

e o o @ @ @

0
o ®
)

i g

¥4 e g0 @00
[ ]

;0....00@
\.O..boﬁ@@

LA 4

(w)uonusod A

n/?2

X position(m)

35

Technische Universitat Miinchen, 2010

<
N
0
0
<
14
<
N
1]
)
)
<
a
0
14
w
>
z
]




36

° o \Moﬁoooow
% \QQ ouwﬁuooo wv

.,. QLY o\o o\ \ﬁo R\%sn\ﬁv%@/wv@\pﬂ
\. \m\.\ﬁb SBQQ@O@@/
\C ?;w) VO®®® @@@@
©®®®® &
®®®® ®G@
P®®® ®@
®e ®e® @

@@

®

Number of Maps : 3
X position(m)

5/5@@@@@@
‘.
L ]

\.o..»oa@
‘ °
C ]

@ ® 6 o & (@

(w)uonusod A

n/?2

Technische Universitat Miinchen, 2010

<
N
0
0
<
14
g
N
1]
)
)
<
a
0
14
w
>
z
]




37

° o \Moﬁoooow
% \QQ ouwﬁuooo wv

i QEVA o\o o\ \ﬁo R\%sn %@6@(\%
\. \m\.\ﬁb (& @@ we O
\C ?;w) (VD@ ® @@@ﬁf
®®®®® &
®®®® ®G@
P®®® ®@
®® e e® @

@@

Number of Maps : 4
X position(m)

® @ ® @

@ @ ®& o @ @7

@ o & o @

® e o o O M

® & © o 9 @7

e P L N bi
- R e0 00 B o8 i
/JJQ‘ /) o® -G

@ ® o6 o & @

(w)uonusod A

n/?2

Technische Universitat Miinchen, 2010

<
N
0
0
<
14
g
N
1]
)
)
<
a
0
14
w
>
z
]




VY i
&sw% hbos 2
()81 8/l e e 7

&«\a\\p\s\@\&\d 7
J Q\
| 5
S
..W.u
2
> (=)
2
c
2
e
"m
5
(w)uonisod A m
2
I c
=
o !
=

de & Conquer SLAM

VI

D

<
N
0
0
<
4
<
N
1]
a
a
<
a
)
id
w
2
4
D




) ) S E—
)/ ) J B T U

39

W%%&\Qﬁuﬂ!gﬁo >

@

(]
i

/
v

) O DD araEsE
.&@« @%@%Q%@%@@MM

e
@' Q%@%Q%@%@@@@@

/i
s
7

2
- -

. M
; M ssvand
Q s, ® ©®®®®®E =
g Il e
— ﬁ,@ o @ ®® ® ®® ® (@)
(o] ®ee®o® ® @ . @ =
o @ ® ® ® ® @ . @7 &
@ . o
hmu m,@ ®®®®® ® o
S Preooe ® s m/ x
> Seo®®®® "1«1,@5
beee®e@@® R
et ey,
R S . i
: SO Yo v B
resecacsr syl o S

; AN NN |
e ez )0 )0 o) ) e USRI K W Ja
LA A LA ,

XN

Technische Universitat Miinchen, 2010

. _
- &
=%
B _
- &
[+ i
A _,
+@._”|
m _,

<
N
0
0
<
14
g
N
1]
)
)
<
a
0
14
w
>
4
]
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6Dof Stereo SLAM, outdoors
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QUEVEDO BUILDING
Step = 3, Observations m = 23
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6Dof Stereo SLAM, indoors
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e Covariance Matrices e Information Matrices
are full are app. sparse

e Joins are full (Thrun, 2006)

e Joins are exactly
sparse (Huang, 2008)

R%TICS 47
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e EKF and EIF Combined

||||||||||||||

L

- — 1

Tec!

||||||||||




(-
¥

time per step (s)

—
L]

D |

l!!l’ll!

= = =—D&C SLAM

ssF | 04

CF SLAM 0.05

ROBOTICS

500

1000 1500 2000 2500 3000

Technische Witiggrsitdt Miinchen, 2010

49




SLSJF SLAM TIME: 0.00 DC SLAM

ECARTIN
e

£ £
L] il
18 K B -1 Bl - 1
i xim
Step 1, features: 9
- —— - _ _
5 -
-
0= [
E
B
-5
*
10
i i i i
=10 ] 9] 5 10 15 20
x[m]

ROBOTICS 50

e Technische Universitidt Miinchen, 2010




Rose Building, Sydney, with
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e Map-to-map matching:
Some risk of false
negatives

e High risk of false positives
with few correspondences

B. Williams, M‘. Cummins, J. Neira, P. Newman, I. Reid, J. D. Tardos

, A comparison of loop closing techniques in monocular SLAM
| Roibiotiics and Autonomous Systems, December 2009.




e Fast image registration against a database of
previous images

Technische Universitat Miinchen, 2010
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Bags-of-words

e Fast image registration against a database of
previous images

Technische Universitat Miinchen, 2010
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e Some risk of false

positives

Bags-of-words

Technische Universitat Miinchen, 2010
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e No false positives

Technische Universitat Miinchen, 2010




e Local:
— SURF description vector
— Local shape (PCA)
— Curvature (SVD)

— Geodesic: sum of Eucliean distances to neighbors (or order 1, 2

and 3)
e Relative (pairwise):
— Euclidean Distance

e Technische Universitidt Miinchen, 2010
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e European FP6 project
— University of Freiburg
— Politenico di Milano
— Universita degli Studi di Milano
— Universidad de Zaragoza

e Aim: to build benchmarking tools for robotic
systems.

e Publication of a comprehensive, high-quality
Benchmarking Toolkit composed of:

— high-quality multisensor datasets, with associated
ground truth;

— Benchmark Problems based on the datasets;
— Benchmark Solutions for the problems

59
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Experiments - Mixed
Current Candidate Accepted
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(a) Indoor

(b) Outdoor

(c) Mixed
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(a) Indoor

BoW+epipolar

Scene 1430 Scene 1244

Scene 942 Scene 637

Scene 942 Scene 637




Scene 1430
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Scene 1244
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Scene 942 Scene 637

(b) Library

Scene 942 Scene 637
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Scene 292

Scene 218
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Scene 1317

Scene 1126
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e Estimation methods are well understood:

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

H. Strasdat and J. M. M. Montiel, A. Davison
Real-Time Monocular SLAM: Why Filter?

Best Vision Paper at ICRA 2010.

- "while filtering may have a niche in systems with
low processing resources, in most modern

applications keyframe optimisation gives the most
accuracy per unit of computing time.”

R%TICS 68
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e Interview by Udo Frese (U. Bremen) with S.
Thrun, J. Neira, to appear in Journal
Kunstliche Intelligenz:

e Maybe for indoor static environments, but...

e SLAM is NOT solved for:

- Dynamic SLAM
- Semantic SLAM
- Lifelong SLAM

e Data association is still a challenging problem

Technische Universitat Miinchen, 2010
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