
Iterative Closest Point SLAM
Karel Zimmermann



Absolute orientation problem in SE(2)

2

zv = arg min
t,θ ∑

i

Rθp + t − q
2

p′￼i = pi −
1
N ∑

i

pi

p̃

, q′￼i = qi −
1
N ∑

i

qi

q̃

Substitution:

Solution:

θ⋆ = arg min
θ ∑

i

∥Rθp′￼i − q′￼i∥2

= arg min
t,θ ∑

i

∥Rθp′￼i − q′￼i∥2 + ∥Rθp̃ + t − q̃∥2

Can be always zero 
by appropriate choice of t

t⋆ = arg min
t

∥Rθ⋆p̃ + t − q̃∥2 = q̃ − Rθ⋆p̃

= arctan (
Hxy − Hyx

Hxx + Hyy )
H = ∑

i

p′￼iq′￼i
⊤ … covariance matrix
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Pose from known correspondences

Input:qi

pi

pointcloud 
pointcloud pi

qi
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Pose from known correspondences

Input:qi

pi

c(i)

pointcloud 
pointcloud pi

qi

correspondences c(i)
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Pose from known correspondences

1. Solve absolute orientation: 

Input:Input: pointcloud 
pointcloud pi

qi

correspondences c(i)

R⋆, t⋆, = arg min
R∈SO(3),t ∑

i

Rpi + t − qc(i)
2

qi

pi

c(i)
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Output:

Input:

Pose from known correspondences

1. Solve absolute orientation: 

pointcloud 
pointcloud pi

qi

correspondences c(i)

R⋆, t⋆, = arg min
R∈SO(3),t ∑

i

Rpi + t − qc(i)
2

R⋆, t⋆ ⇒ zv
t
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Pose from unknown correspondences

Input:

1. Initialize 

pointcloud 
pointcloud pi

qi

correspondences c(i)

R⋆ = R0, t⋆ = t0

2. Solve nearest neighbour: 
c(i)⋆ = arg min

c(i) ∑
i

R⋆pi + t⋆ − qc(i)
2

qi

pi



8

Pose from unknown correspondences

Input:

1. Initialize 

2. Solve nearest neighbour: 

pointcloud 
pointcloud pi

qi

correspondences c(i)

R⋆ = R0, t⋆ = t0

c(i)⋆ = arg min
c(i) ∑

i

R⋆pi + t⋆ − qc(i)
2

3. Solve absolute orientation: 
R⋆, t⋆, = arg min

R∈SO(3),t ∑
i

Rpi + t − qc(i)⋆
2

qi

pi

c(i)⋆
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Pose from unknown correspondences

Input:

1. Initialize 

2. Solve nearest neighbour: 

pointcloud 
pointcloud pi

qi

correspondences c(i)

R⋆ = R0, t⋆ = t0

c(i)⋆ = arg min
c(i) ∑

i

R⋆pi + t⋆ − qc(i)
2

3. Solve absolute orientation: 
R⋆, t⋆, = arg min

R∈SO(3),t ∑
i

Rpi + t − qc(i)⋆
2

qi

pi
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Pose from unknown correspondences

ite
ra

te

qi

pi
c(i)⋆

Input:

1. Initialize 

2. Solve nearest neighbour: 

pointcloud 
pointcloud pi

qi

correspondences c(i)

R⋆ = R0, t⋆ = t0

c(i)⋆ = arg min
c(i) ∑

i

R⋆pi + t⋆ − qc(i)
2

3. Solve absolute orientation: 
R⋆, t⋆, = arg min

R∈SO(3),t ∑
i

Rpi + t − qc(i)⋆
2
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Pose from unknown correspondences

ite
ra

te

qipi

Input:

1. Initialize 

2. Solve nearest neighbour: 

pointcloud 
pointcloud pi

qi

correspondences c(i)

R⋆ = R0, t⋆ = t0

c(i)⋆ = arg min
c(i) ∑

i

R⋆pi + t⋆ − qc(i)
2

3. Solve absolute orientation: 
R⋆, t⋆, = arg min

R∈SO(3),t ∑
i

Rpi + t − qc(i)⋆
2
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Pose from unknown correspondences

ite
ra

te

Input:

1. Initialize 

2. Solve nearest neighbour: 

pointcloud 
pointcloud pi

qi

correspondences c(i)

R⋆ = R0, t⋆ = t0

c(i)⋆ = arg min
c(i) ∑

i

R⋆pi + t⋆ − qc(i)
2

3. Solve absolute orientation: 
R⋆, t⋆, = arg min

R∈SO(3),t ∑
i

Rpi + t − qc(i)⋆
2

Output:

qipi

R⋆, t⋆ ⇒ zv
t
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Input:

ite
ra

te

Pose from unknown correspondences with outlier rejection

Input:

1. Initialize 

2. Solve nearest neighbour: 

pointcloud 
pointcloud pi

qi

correspondences c(i)

R⋆ = R0, t⋆ = t0

c(i)⋆ = arg min
c(i) ∑

i

R⋆pi + t⋆ − qc(i)
2

Output:

3. Solve absolute orientation: 
R⋆, t⋆, = arg min

R∈SO(3),t ∑
i

Rpi + t − qc(i)⋆
2

qipi

R⋆, t⋆ ⇒ zv
t
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ite
ra

te 3. Outlier rejection by median thresholding:
if then

Pose from unknown correspondences with outlier rejection

qipi

∥R⋆pi + t⋆ − qc(i)⋆∥2 ≥ θ

Input:Input:

1. Initialize 

2. Solve nearest neighbour: 

pointcloud 
pointcloud pi

qi

correspondences c(i)

R⋆ = R0, t⋆ = t0

c(i)⋆ = arg min
c(i) ∑

i

R⋆pi + t⋆ − qc(i)
2

Output:

4. Solve absolute orientation: 
R⋆, t⋆, = arg min

R∈SO(3),t ∑
i

Rpi + t − qc(i)⋆
2

<latexit sha1_base64="jVkpRGaxA26do5k3SiCLV4Fvu8U="></latexit>

j(i)⇤ =c(i)⋆

R⋆, t⋆ ⇒ zv
t



15

Pose from unknown correspondences with outlier rejection

ite
ra

te 3. Outlier rejection by median thresholding:
if then

Input:Input:

1. Initialize 

2. Solve nearest neighbour: 

pointcloud 
pointcloud pi

qi

correspondences c(i)

R⋆ = R0, t⋆ = t0

c(i)⋆ = arg min
c(i) ∑

i

R⋆pi + t⋆ − qc(i)
2

Output:

4. Solve absolute orientation: 
R⋆, t⋆, = arg min

R∈SO(3),t ∑
i

Rpi + t − qc(i)⋆
2

<latexit sha1_base64="jVkpRGaxA26do5k3SiCLV4Fvu8U="></latexit>

j(i)⇤ =c(i)⋆

qi

pi

R⋆, t⋆ ⇒ zv
t

∥R⋆pi + t⋆ − qc(i)⋆∥2 ≥ θ
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Pose from unknown correspondences with outlier rejection

ite
ra

te 3. Outlier rejection by median thresholding:
if then

Input:Input:

1. Initialize 

2. Solve nearest neighbour: 

pointcloud 
pointcloud pi

qi

correspondences c(i)

R⋆ = R0, t⋆ = t0

c(i)⋆ = arg min
c(i) ∑

i

R⋆pi + t⋆ − qc(i)
2

Output:

4. Solve absolute orientation: 
R⋆, t⋆, = arg min

R∈SO(3),t ∑
i

Rpi + t − qc(i)⋆
2

<latexit sha1_base64="jVkpRGaxA26do5k3SiCLV4Fvu8U="></latexit>

j(i)⇤ =c(i)⋆

qi
pi

R⋆, t⋆ ⇒ zv
t

∥R⋆pi + t⋆ − qc(i)⋆∥2 ≥ θ



• Converges to a local minima with unknown region of convergence  
=> good initialization needed


ICP SLAM - known issues
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• Converges to a local minima with unknown region of convergence  
=> good initialization needed


• Measurement probability model fails in degenerate environments  
(e.g. forward motion in long hallways, or rotation in circular room) 
=> other models (point2plane) and sensors (camera) often introduced.


ICP SLAM - known issues
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ICP SLAM - known issues
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• Converges to a local minima with unknown region of convergence  
=> good initialization needed


• Measurement probability model fails in degenerate environments  
(e.g. forward motion in long hallways, or rotation in circular room) 
=> other models (point2plane) and sensors (camera) often introduced.




point-to-plane measurement probability modelqi

pi
Absolute orientation:

R⋆, t⋆, = arg min
R∈SO(3),t ∑

i

Rpi + t − qi
2



point-to-plane measurement probability modelqi

pi
Absolute orientation:

R⋆, t⋆, = arg min
R∈SO(3),t ∑

i

Rpi + t − qi
2



point-to-plane measurement probability model

pi

qi

Absolute orientation:

R⋆, t⋆, = arg min
R∈SO(3),t ∑

i

Rpi + t − qi
2



point-to-plane measurement probability model

pi qi

Absolute orientation:

R⋆, t⋆, = arg min
R∈SO(3),t ∑

i

Rpi + t − qi
2



point-to-plane measurement probability model

pi

qi

Absolute orientation:

R⋆, t⋆, = arg min
R∈SO(3),t ∑

i

Rpi + t − qi
2

Rpi + t − qi
2

di
st

an
ce



point-to-plane measurement probability model

qi

<latexit sha1_base64="RVr8EXfp/p6ZYo4xlF1pQMSilxM=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFN7qrYB/YDiWT3mlDM5khyQhl6F+4caGIW//GnX9j2s5CWw8EDufcS849QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSwfzCRBP6JDyUPOqLHSYy+iZhSEmZz2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5omn5MwqAxLGyj5pyFz9vZHRSOtJFNjJWUK97M3E/7xuasJrP+MySQ1KtvgoTAUxMZmdTwZcITNiYgllitushI2ooszYkkq2BG/55FXSuqh6l9Xafa1Sv8vrKMIJnMI5eHAFdbiFBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD8xCRIg==</latexit>n
Absolute orientation:

R⋆, t⋆, = arg min
R∈SO(3),t ∑

i

Rpi + t − qi
2

pi

Rpi + t − qi
2

di
st

an
ce



point-to-plane measurement probability model

qi

<latexit sha1_base64="RVr8EXfp/p6ZYo4xlF1pQMSilxM=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFN7qrYB/YDiWT3mlDM5khyQhl6F+4caGIW//GnX9j2s5CWw8EDufcS849QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSwfzCRBP6JDyUPOqLHSYy+iZhSEmZz2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5omn5MwqAxLGyj5pyFz9vZHRSOtJFNjJWUK97M3E/7xuasJrP+MySQ1KtvgoTAUxMZmdTwZcITNiYgllitushI2ooszYkkq2BG/55FXSuqh6l9Xafa1Sv8vrKMIJnMI5eHAFdbiFBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD8xCRIg==</latexit>n
R⋆, t⋆, = arg min

R∈SO(3),t ∑
i

Rpi + t − qi
2

Absolute orientation:

R⋆, t⋆, = arg min
R∈SO(3),t ∑

i

n⊤(Rpi + t − qi)
2

pi
di

st
an

ce

n⊤(Rpi + t − qi)
2

Does not have closed-form solution



point-to-plane measurement probability model

qi

<latexit sha1_base64="RVr8EXfp/p6ZYo4xlF1pQMSilxM=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFN7qrYB/YDiWT3mlDM5khyQhl6F+4caGIW//GnX9j2s5CWw8EDufcS849QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSwfzCRBP6JDyUPOqLHSYy+iZhSEmZz2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5omn5MwqAxLGyj5pyFz9vZHRSOtJFNjJWUK97M3E/7xuasJrP+MySQ1KtvgoTAUxMZmdTwZcITNiYgllitushI2ooszYkkq2BG/55FXSuqh6l9Xafa1Sv8vrKMIJnMI5eHAFdbiFBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD8xCRIg==</latexit>n

di
st

an
ce

R⋆, t⋆, = arg min
R∈SO(3),t ∑

i

Rpi + t − qi
2

Absolute orientation:

R⋆, t⋆, = arg min
R∈SO(3),t ∑

i

n⊤(Rpi + t − qi)
2

pi q̂i

Rpi + t − q̂i
2

Avoid gradient optimization => create virtual map point q̂i

R⋆, t⋆, = arg min
R∈SO(3),t ∑

i

Rpi + t − q̂i
2



• Converges to a local minima with unknown region of convergence  
=> good initialization needed


• Measurement probability model fails in degenerate environments  
(e.g. forward motion in long hallways, or rotation in circular room) 
=> other models (point2plane) and sensors (camera) often introduced.

ICP SLAM - known issues
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• Converges to a local minima with unknown region of convergence  
=> good initialization needed


• Measurement probability model fails in degenerate environments  
(e.g. forward motion in long hallways, or rotation in circular room) 
=> other models (point2plane) and sensors (camera) often introduced.
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Alignment quality is determined by the quality of correspondences

• Lidar

• normals

• curvature

• any measure of shape similarity

Compatibility measure:

• Camera

• colors

• semantic consistency (car-car)

• any measure of visual similarity

• dynamic object suppression



ICP SLAM - known issues
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• Converges to a local minima with unknown region of convergence  
=> good initialization needed 


• Measurement probability model fails in degenerate environments  
(e.g. forward motion in long hallways, or rotation in circular room) 
=> other models (point2plane) and sensors (camera) often introduced.


• Pointcloud map is not suitable for planning 
=> better representation (e.g. occupancy grid)


• Normal distribution sensitive to outliers due to L2 norm minimization 
=> RANSAC



Maps

32

• 2D/3D pointcloud map

• 2D/3D Occupancy grid

• Surfel/feature map

• 2.5D map (hightmap)

• Costmap / Traversability map

• Semantic map

• Topological map

• Functional map
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• planning a robot path typically requires to distinguish “unoccupied” (free) space  
from “unknown” space.

• simplest representation which allows to do this, is occupancy grid.

…. occupied (+1)

…. unoccupied (-1)
…. unknown (0)

Occupancy grid
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Occupancy grid
• We model only the probability                 that cell    is occupied  

given measurements  

<latexit sha1_base64="CnvCUI2wAvm3AUq2VG24YUatkXE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFSg/fLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzU7vM4inACp3AOHlxDDe6gDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kD0z6M+Q==</latexit>

i
<latexit sha1_base64="gKP/pXJndqykxsv12QytttmMXK0=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiuSiKi4qrgRncV7APaECbTSTt0MgkzN4Ua8iduXCji1j9x5984abPQ1gMDh3Pu5Z45QSK4Bsf5tlZW19Y3Nitb1e2d3b19++CwreNUUdaisYhVNyCaCS5ZCzgI1k0UI1EgWCcY3xZ+Z8KU5rF8hGnCvIgMJQ85JWAk37b7EYFREGZPuZ+5N5D7ds2pOzPgZeKWpIZKNH37qz+IaRoxCVQQrXuuk4CXEQWcCpZX+6lmCaFjMmQ9QyWJmPayWfIcnxplgMNYmScBz9TfGxmJtJ5GgZkscupFrxD/83ophNdexmWSApN0fihMBYYYFzXgAVeMgpgaQqjiJiumI6IIBVNW1ZTgLn55mbTP6+5l3Xm4qDXuyzoq6BidoDPkoivUQHeoiVqIogl6Rq/ozcqsF+vd+piPrljlzhH6A+vzB9Kfk80=</latexit>z1:t

<latexit sha1_base64="4/cHNX5mMp0iXtXbj6H3t9NeykQ=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR6qYkIiquCm50V8E+oA1hMp20QyczYWYi1JiNv+LGhSJu/Qx3/o2TNgttPXDhcM693HtPEDOqtON8WwuLS8srq6W18vrG5ta2vbPbUiKRmDSxYEJ2AqQIo5w0NdWMdGJJUBQw0g5GV7nfvidSUcHv9DgmXoQGnIYUI20k396Pq8Knj70I6WEQpg+Zn7qXOjv27YpTcyaA88QtSAUUaPj2V68vcBIRrjFDSnVdJ9ZeiqSmmJGs3EsUiREeoQHpGspRRJSXTh7I4JFR+jAU0hTXcKL+nkhRpNQ4Ckxnfqia9XLxP6+b6PDCSymPE004ni4KEwa1gHkasE8lwZqNDUFYUnMrxEMkEdYms7IJwZ19eZ60TmruWc25Pa3Ub4o4SuAAHIIqcME5qINr0ABNgEEGnsEreLOerBfr3fqYti5Yxcwe+APr8wfBgJaH</latexit>

p(oi|z1:t)

<latexit sha1_base64="CnvCUI2wAvm3AUq2VG24YUatkXE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFSg/fLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzU7vM4inACp3AOHlxDDe6gDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kD0z6M+Q==</latexit>

i

2D occupancy grid
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Occupancy grid

<latexit sha1_base64="CnvCUI2wAvm3AUq2VG24YUatkXE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFSg/fLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzU7vM4inACp3AOHlxDDe6gDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kD0z6M+Q==</latexit>

i

<latexit sha1_base64="aBtcEosNI/R6Kl8ZlvLVBElshqE=">AAAB9XicbVDLSgMxFL3xWeur6tJNsAiuyoyIuiy40V0F+4B2LJk004ZmMkOSUeow/+HGhSJu/Rd3/o2ZdhbaeiBwOOde7snxY8G1cZxvtLS8srq2Xtoob25t7+xW9vZbOkoUZU0aiUh1fKKZ4JI1DTeCdWLFSOgL1vbHV7nffmBK80jemUnMvJAMJQ84JcZK972QmJEfpE9ZP3WzfqXq1Jwp8CJxC1KFAo1+5as3iGgSMmmoIFp3XSc2XkqU4VSwrNxLNIsJHZMh61oqSci0l05TZ/jYKgMcRMo+afBU/b2RklDrSejbyTylnvdy8T+vm5jg0ku5jBPDJJ0dChKBTYTzCvCAK0aNmFhCqOI2K6Yjogg1tqiyLcGd//IiaZ3W3POac3tWrd8UdZTgEI7gBFy4gDpcQwOaQEHBM7zCG3pEL+gdfcxGl1CxcwB/gD5/AP15kto=</latexit>z1

2D occupancy grid
lidar

• We model only the probability                 that cell    is occupied  
given measurements  

<latexit sha1_base64="CnvCUI2wAvm3AUq2VG24YUatkXE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFSg/fLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzU7vM4inACp3AOHlxDDe6gDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kD0z6M+Q==</latexit>

i
<latexit sha1_base64="gKP/pXJndqykxsv12QytttmMXK0=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiuSiKi4qrgRncV7APaECbTSTt0MgkzN4Ua8iduXCji1j9x5984abPQ1gMDh3Pu5Z45QSK4Bsf5tlZW19Y3Nitb1e2d3b19++CwreNUUdaisYhVNyCaCS5ZCzgI1k0UI1EgWCcY3xZ+Z8KU5rF8hGnCvIgMJQ85JWAk37b7EYFREGZPuZ+5N5D7ds2pOzPgZeKWpIZKNH37qz+IaRoxCVQQrXuuk4CXEQWcCpZX+6lmCaFjMmQ9QyWJmPayWfIcnxplgMNYmScBz9TfGxmJtJ5GgZkscupFrxD/83ophNdexmWSApN0fihMBYYYFzXgAVeMgpgaQqjiJiumI6IIBVNW1ZTgLn55mbTP6+5l3Xm4qDXuyzoq6BidoDPkoivUQHeoiVqIogl6Rq/ozcqsF+vd+piPrljlzhH6A+vzB9Kfk80=</latexit>z1:t

<latexit sha1_base64="4/cHNX5mMp0iXtXbj6H3t9NeykQ=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR6qYkIiquCm50V8E+oA1hMp20QyczYWYi1JiNv+LGhSJu/Qx3/o2TNgttPXDhcM693HtPEDOqtON8WwuLS8srq6W18vrG5ta2vbPbUiKRmDSxYEJ2AqQIo5w0NdWMdGJJUBQw0g5GV7nfvidSUcHv9DgmXoQGnIYUI20k396Pq8Knj70I6WEQpg+Zn7qXOjv27YpTcyaA88QtSAUUaPj2V68vcBIRrjFDSnVdJ9ZeiqSmmJGs3EsUiREeoQHpGspRRJSXTh7I4JFR+jAU0hTXcKL+nkhRpNQ4Ckxnfqia9XLxP6+b6PDCSymPE004ni4KEwa1gHkasE8lwZqNDUFYUnMrxEMkEdYms7IJwZ19eZ60TmruWc25Pa3Ub4o4SuAAHIIqcME5qINr0ABNgEEGnsEreLOerBfr3fqYti5Yxcwe+APr8wfBgJaH</latexit>

p(oi|z1:t)
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Occupancy grid

<latexit sha1_base64="CnvCUI2wAvm3AUq2VG24YUatkXE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFSg/fLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzU7vM4inACp3AOHlxDDe6gDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kD0z6M+Q==</latexit>

i

2D occupancy grid

<latexit sha1_base64="dSlsfx4E/KR9gimsdJpw7p5BnKI=">AAAB9XicbVDLSsNAFL2pr1pfUZduBovgqiRF1GXBje4q2Ae0sUymk3boZBJmJkoN+Q83LhRx67+482+ctFlo64GBwzn3cs8cP+ZMacf5tkorq2vrG+XNytb2zu6evX/QVlEiCW2RiEey62NFORO0pZnmtBtLikOf044/ucr9zgOVikXiTk9j6oV4JFjACNZGuu+HWI/9IH3KBmk9G9hVp+bMgJaJW5AqFGgO7K/+MCJJSIUmHCvVc51YeymWmhFOs0o/UTTGZIJHtGeowCFVXjpLnaETowxREEnzhEYz9fdGikOlpqFvJvOUatHLxf+8XqKDSy9lIk40FWR+KEg40hHKK0BDJinRfGoIJpKZrIiMscREm6IqpgR38cvLpF2vuec15/as2rgp6ijDERzDKbhwAQ24hia0gICEZ3iFN+vRerHerY/5aMkqdg7hD6zPH/7+kts=</latexit>z2

lid
ar

• We model only the probability                 that cell    is occupied  
given measurements  

<latexit sha1_base64="CnvCUI2wAvm3AUq2VG24YUatkXE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFSg/fLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzU7vM4inACp3AOHlxDDe6gDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kD0z6M+Q==</latexit>

i
<latexit sha1_base64="gKP/pXJndqykxsv12QytttmMXK0=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiuSiKi4qrgRncV7APaECbTSTt0MgkzN4Ua8iduXCji1j9x5984abPQ1gMDh3Pu5Z45QSK4Bsf5tlZW19Y3Nitb1e2d3b19++CwreNUUdaisYhVNyCaCS5ZCzgI1k0UI1EgWCcY3xZ+Z8KU5rF8hGnCvIgMJQ85JWAk37b7EYFREGZPuZ+5N5D7ds2pOzPgZeKWpIZKNH37qz+IaRoxCVQQrXuuk4CXEQWcCpZX+6lmCaFjMmQ9QyWJmPayWfIcnxplgMNYmScBz9TfGxmJtJ5GgZkscupFrxD/83ophNdexmWSApN0fihMBYYYFzXgAVeMgpgaQqjiJiumI6IIBVNW1ZTgLn55mbTP6+5l3Xm4qDXuyzoq6BidoDPkoivUQHeoiVqIogl6Rq/ozcqsF+vd+piPrljlzhH6A+vzB9Kfk80=</latexit>z1:t

<latexit sha1_base64="4/cHNX5mMp0iXtXbj6H3t9NeykQ=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR6qYkIiquCm50V8E+oA1hMp20QyczYWYi1JiNv+LGhSJu/Qx3/o2TNgttPXDhcM693HtPEDOqtON8WwuLS8srq6W18vrG5ta2vbPbUiKRmDSxYEJ2AqQIo5w0NdWMdGJJUBQw0g5GV7nfvidSUcHv9DgmXoQGnIYUI20k396Pq8Knj70I6WEQpg+Zn7qXOjv27YpTcyaA88QtSAUUaPj2V68vcBIRrjFDSnVdJ9ZeiqSmmJGs3EsUiREeoQHpGspRRJSXTh7I4JFR+jAU0hTXcKL+nkhRpNQ4Ckxnfqia9XLxP6+b6PDCSymPE004ni4KEwa1gHkasE8lwZqNDUFYUnMrxEMkEdYms7IJwZ19eZ60TmruWc25Pa3Ub4o4SuAAHIIqcME5qINr0ABNgEEGnsEreLOerBfr3fqYti5Yxcwe+APr8wfBgJaH</latexit>

p(oi|z1:t)
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Occupancy grid

<latexit sha1_base64="CnvCUI2wAvm3AUq2VG24YUatkXE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFSg/fLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzU7vM4inACp3AOHlxDDe6gDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kD0z6M+Q==</latexit>

i

2D occupancy grid

<latexit sha1_base64="CfdUbq7jwiqtLpu9JTsUe6IXa24=">AAAB9XicbVDLSsNAFL3xWeur6tJNsAiuSiKiLgtudFfBPqCNZTKdtEMnkzBzo9SQ/3DjQhG3/os7/8ZJm4W2Hhg4nHMv98zxY8E1Os63tbS8srq2Xtoob25t7+xW9vZbOkoUZU0aiUh1fKKZ4JI1kaNgnVgxEvqCtf3xVe63H5jSPJJ3OImZF5Kh5AGnBI103wsJjvwgfcr6KWb9StWpOVPYi8QtSBUKNPqVr94goknIJFJBtO66ToxeShRyKlhW7iWaxYSOyZB1DZUkZNpLp6kz+9goAzuIlHkS7an6eyMlodaT0DeTeUo97+Xif143weDSS7mME2SSzg4FibAxsvMK7AFXjKKYGEKo4iarTUdEEYqmqLIpwZ3/8iJpndbc85pze1at3xR1lOAQjuAEXLiAOlxDA5pAQcEzvMKb9Wi9WO/Wx2x0ySp2DuAPrM8fY1eTHQ==</latexit>zt

lid
ar

2x occupied, 1x unoccupied
Is it occupied, unoccupied or unknown?

…. unoccupied
…. unknown
…. occupied

<latexit sha1_base64="nfJvTGOQ1ITkl2Fk7Gq93tiDLds=">AAACB3icbZDLSsNAFIYnXmu8RV0KEiwFVyURURddFNxUcFHBXqANYTKdtEMnkzBzIpTQnRtfxY0LRdz6Cu58G6dtBG39YeDjP+dw5vxBwpkCx/kylpZXVtfWCxvm5tb2zq61t99UcSoJbZCYx7IdYEU5E7QBDDhtJ5LiKOC0FQyvJvXWPZWKxeIORgn1ItwXLGQEg7Z866gLAwrYv6kElRxrZukHB75VdMrOVPYiuDkUUa66b312ezFJIyqAcKxUx3US8DIsgRFOx2Y3VTTBZIj7tKNR4IgqL5veMbZL2unZYSz1E2BP3d8TGY6UGkWB7owwDNR8bWL+V+ukEF56GRNJClSQ2aIw5TbE9iQUu8ckJcBHGjCRTP/VJgMsMQEdnalDcOdPXoTmadk9Lzu3Z8XqdR5HAR2iY3SCXHSBqqiG6qiBCHpAT+gFvRqPxrPxZrzPWpeMfOYA/ZHx8Q211JiX</latexit>

✓L < b < ✓H

<latexit sha1_base64="uc5nUOD6zS2viM8kRhf0t9Cz2NA=">AAACAXicbZA9SwNBEIb3/IzxK2oj2ByGgFW4E1ELi4CNgkUE8wFJOPY2c8mSvb1zd04IR2z8KzYWitj6L+z8N26SKzTxhYWHd2aYndePBdfoON/WwuLS8spqbi2/vrG5tV3Y2a3rKFEMaiwSkWr6VIPgEmrIUUAzVkBDX0DDH1yO640HUJpH8g6HMXRC2pM84IyisbzCvt8WcN/GPiD1bvKliwz7XqHolJ2J7HlwMyiSTFWv8NXuRiwJQSITVOuW68TYSalCzgSM8u1EQ0zZgPagZVDSEHQnnVwwskvG6dpBpMyTaE/c3xMpDbUehr7pDCn29WxtbP5XayUYnHdSLuMEQbLpoiARNkb2OA67yxUwFEMDlClu/mqzPlWUoQktb0JwZ0+eh/px2T0tO7cnxcp1FkeOHJBDckRcckYq5IpUSY0w8kieySt5s56sF+vd+pi2LljZzB75I+vzB6sylmg=</latexit>

b  ✓L

<latexit sha1_base64="xbWC9Ac2Wu+YJ8BfcUcnTGclwDI=">AAAB9HicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6rHgpd4q2A9oQtlsJ+3SzSbdnRRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzgkRwjY7zbRU2Nre2d4q7pb39g8Oj8vFJS8epYtBksYhVJ6AaBJfQRI4COokCGgUC2sHofu63J6A0j+UTThPwIzqQPOSMopH8wBvA2MMhIO3Ve+WKU3UWsNeJm5MKydHolb+8fszSCCQyQbXuuk6CfkYVciZgVvJSDQllIzqArqGSRqD9bHH0zL4wSt8OY2VKor1Qf09kNNJ6GgWmM6I41KveXPzP66YY3vkZl0mKINlyUZgKG2N7noDd5woYiqkhlClubrXZkCrK0ORUMiG4qy+vk9ZV1b2pOo/XldpDHkeRnJFzcklccktqpE4apEkYGZNn8krerIn1Yr1bH8vWgpXPnJI/sD5/AMEhkhw=</latexit>

b � ✓H

Simple hack: <latexit sha1_base64="B2zZezjb/FktUQLsJiEHzA4Wym4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSRF1ItQ8KK3CqYttKFstpN26WYTdjdCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjsrq2vrG5uFreL2zu7efungsKGTTDH0WSIS1QqpRsEl+oYbga1UIY1Dgc1weDv1m0+oNE/koxmlGMS0L3nEGTVW8sOb6rnXLZXdijsDWSZeTsqQo94tfXV6CctilIYJqnXbc1MTjKkynAmcFDuZxpSyIe1j21JJY9TBeHbshJxapUeiRNmShszU3xNjGms9ikPbGVMz0IveVPzPa2cmug7GXKaZQcnmi6JMEJOQ6eekxxUyI0aWUKa4vZWwAVWUGZtP0YbgLb68TBrVindZcR8uyrX7PI4CHMMJnIEHV1CDO6iDDww4PMMrvDnSeXHenY9564qTzxzBHzifP5Xgjec=</latexit>

b = 2� 1

There exists a probabilistic justification of this hack!

• We model only the probability                 that cell    is occupied  
given measurements  

<latexit sha1_base64="CnvCUI2wAvm3AUq2VG24YUatkXE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFSg/fLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzU7vM4inACp3AOHlxDDe6gDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kD0z6M+Q==</latexit>

i
<latexit sha1_base64="gKP/pXJndqykxsv12QytttmMXK0=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiuSiKi4qrgRncV7APaECbTSTt0MgkzN4Ua8iduXCji1j9x5984abPQ1gMDh3Pu5Z45QSK4Bsf5tlZW19Y3Nitb1e2d3b19++CwreNUUdaisYhVNyCaCS5ZCzgI1k0UI1EgWCcY3xZ+Z8KU5rF8hGnCvIgMJQ85JWAk37b7EYFREGZPuZ+5N5D7ds2pOzPgZeKWpIZKNH37qz+IaRoxCVQQrXuuk4CXEQWcCpZX+6lmCaFjMmQ9QyWJmPayWfIcnxplgMNYmScBz9TfGxmJtJ5GgZkscupFrxD/83ophNdexmWSApN0fihMBYYYFzXgAVeMgpgaQqjiJiumI6IIBVNW1ZTgLn55mbTP6+5l3Xm4qDXuyzoq6BidoDPkoivUQHeoiVqIogl6Rq/ozcqsF+vd+piPrljlzhH6A+vzB9Kfk80=</latexit>z1:t

<latexit sha1_base64="4/cHNX5mMp0iXtXbj6H3t9NeykQ=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR6qYkIiquCm50V8E+oA1hMp20QyczYWYi1JiNv+LGhSJu/Qx3/o2TNgttPXDhcM693HtPEDOqtON8WwuLS8srq6W18vrG5ta2vbPbUiKRmDSxYEJ2AqQIo5w0NdWMdGJJUBQw0g5GV7nfvidSUcHv9DgmXoQGnIYUI20k396Pq8Knj70I6WEQpg+Zn7qXOjv27YpTcyaA88QtSAUUaPj2V68vcBIRrjFDSnVdJ9ZeiqSmmJGs3EsUiREeoQHpGspRRJSXTh7I4JFR+jAU0hTXcKL+nkhRpNQ4Ckxnfqia9XLxP6+b6PDCSymPE004ni4KEwa1gHkasE8lwZqNDUFYUnMrxEMkEdYms7IJwZ19eZ60TmruWc25Pa3Ub4o4SuAAHIIqcME5qINr0ABNgEEGnsEreLOerBfr3fqYti5Yxcwe+APr8wfBgJaH</latexit>

p(oi|z1:t)
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• Converges to a local minima with unknown region of convergence  
=> good initialization needed 


• Measurement probability model fails in degenerate environments  
(e.g. forward motion in long hallways, or rotation in circular room) 
=> other models (point2plane) and sensors (camera) often introduced.


• Pointcloud map is not suitable for planning 
=> better representation (e.g. occupancy grid)


• Next: Normal distribution sensitive to outliers due to L2 norm minimization 
=> RANSAC


