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Bayes filter

Drawbacks Advantages

represent only gaussians

suffers from linearization

course of dimensionality represents arbitrary  
prob. distributionspatial discretization

nicely scales with  
higher dimensions

Kalman filter
continuous

x

bel(x)

bel(x) = 𝒩(x; μ, Σ) =
exp( − 1

2 (x − μ)⊤Σ−1(x − μ))
(2π)ndet(Σ)

bel(x) =
n

∑
i=1

wi ⋅ δxi(x)

Dirac impulse function / smoothening kernel

Partical filter

x

continuousbel(x)

discrete

x

bel(x)

bel(x) = [p1, p2, …, pm]

x1, w1 …. xn, wn

trade-off between 
high-dim. scaling and  
representation power



Particle filter

1. Initialize particles: 𝒳0 = {x1
0, …, xn

0}

xi
0

Particles = hypothesis about the current state

Kidnapped robot problem



Particle filter

1. Initialize particles:
2. Prediction step (new action       performed):<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

xi
t ∼ p(xt |xi

t−1, ut)

𝒳0 = {x1
0, …, xn

0}

For all xi
t−1

xi
0

xi
1



Particle filter

1. Initialize particles:
2. Prediction step (new action       performed):

3. Measurement update (new      received):

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

xi
t ∼ p(xt |xi

t−1, ut)

wi
t = p(zt |xi

t)

𝒳0 = {x1
0, …, xn

0}

For all xi
t−1

For all xi
t

xi
0

xi
1

p(zt = 1 |xt)



Particle filter

1. Initialize particles:
2. Prediction step (new action       performed):

3. Measurement update (new      received):

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

xi
t ∼ p(xt |xi

t−1, ut)

wi
t = p(zt |xi

t)

𝒳0 = {x1
0, …, xn

0}

For all xi
t−1

For all xi
t

xi
0

xi
1

wi
1

p(zt = 1 |xt)



Particle filter

1. Initialize particles:
2. Prediction step (new action       performed):

3. Measurement update (new      received):

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

xi
t ∼ p(xt |xi

t−1, ut)

wi
t = p(zt |xi

t)

𝒳0 = {x1
0, …, xn

0}

For all xi
t−1

For all xi
t

xi
0

xi
1

wi
1

bel(x1)

Do you like how particles  
are distributed?

p(zt = 1 |xt)



Particle filter

1. Initialize particles:
2. Prediction step (new action       performed):

3. Measurement update (new      received):

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

xi
t ∼ p(xt |xi

t−1, ut)

wi
t = p(zt |xi

t)

𝒳0 = {x1
0, …, xn

0}

For all xi
t−1

For all xi
t

4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw
xi

0

xi
1

wi
1

bel(x1)

p(zt = 1 |xt)

Increase number of particles

xi
1

Decrease num. of particles

This is 40 particles !!!



Particle filter

1. Initialize particles:
2. Prediction step (new action       performed):

3. Measurement update (new      received):

5. Repeat from 2:
<latexit sha1_base64="rNDkl2958bknSf339a4PFE2mhUg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRAl70FsE8JFnC7GSSDJmdXWZ6hbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u4JYCoOu++3kVlbX1jfym4Wt7Z3dveL+QcNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqZ+s0nro2I1AOOY+6HdKBEXzCKVnpEck2QnBGvWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezgCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDMq2BC8xZeXSeO87F2UK/eVUvUuiyMPR3AMp+DBJVThFmpQBwYhPMMrvDnaeXHenY95a87JZg7hD5zPH2+ujuU=</latexit>

t = t+ 1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

xi
t ∼ p(xt |xi

t−1, ut)

wi
t = p(zt |xi

t)

𝒳0 = {x1
0, …, xn

0}

For all xi
t−1

For all xi
t

4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw
xi

1

This is 40 particles !!!



Particle filter

1. Initialize particles:
2. Prediction step (new action       performed):

3. Measurement update (new      received):

5. Repeat from 2:
<latexit sha1_base64="rNDkl2958bknSf339a4PFE2mhUg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRAl70FsE8JFnC7GSSDJmdXWZ6hbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u4JYCoOu++3kVlbX1jfym4Wt7Z3dveL+QcNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqZ+s0nro2I1AOOY+6HdKBEXzCKVnpEck2QnBGvWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezgCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDMq2BC8xZeXSeO87F2UK/eVUvUuiyMPR3AMp+DBJVThFmpQBwYhPMMrvDnaeXHenY95a87JZg7hD5zPH2+ujuU=</latexit>

t = t+ 1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

xi
t ∼ p(xt |xi

t−1, ut)

wi
t = p(zt |xi

t)

𝒳0 = {x1
0, …, xn

0}

For all xi
t−1

For all xi
t

4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw
xi

1

xi
2

This is 40 particles !!!



Particle filter

1. Initialize particles:
2. Prediction step (new action       performed):

3. Measurement update (new      received):

5. Repeat from 2:
<latexit sha1_base64="rNDkl2958bknSf339a4PFE2mhUg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRAl70FsE8JFnC7GSSDJmdXWZ6hbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u4JYCoOu++3kVlbX1jfym4Wt7Z3dveL+QcNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqZ+s0nro2I1AOOY+6HdKBEXzCKVnpEck2QnBGvWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezgCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDMq2BC8xZeXSeO87F2UK/eVUvUuiyMPR3AMp+DBJVThFmpQBwYhPMMrvDnaeXHenY95a87JZg7hD5zPH2+ujuU=</latexit>

t = t+ 1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

xi
t ∼ p(xt |xi

t−1, ut)

wi
t = p(zt |xi

t)

𝒳0 = {x1
0, …, xn

0}

For all xi
t−1

For all xi
t

4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw
xi

1

xi
2

wi
2

p(zt = 0 |xt)

This is 40 particles !!!



Particle filter

1. Initialize particles:
2. Prediction step (new action       performed):

3. Measurement update (new      received):

5. Repeat from 2:
<latexit sha1_base64="rNDkl2958bknSf339a4PFE2mhUg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRAl70FsE8JFnC7GSSDJmdXWZ6hbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u4JYCoOu++3kVlbX1jfym4Wt7Z3dveL+QcNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqZ+s0nro2I1AOOY+6HdKBEXzCKVnpEck2QnBGvWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezgCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDMq2BC8xZeXSeO87F2UK/eVUvUuiyMPR3AMp+DBJVThFmpQBwYhPMMrvDnaeXHenY95a87JZg7hD5zPH2+ujuU=</latexit>

t = t+ 1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

xi
t ∼ p(xt |xi

t−1, ut)

wi
t = p(zt |xi

t)

𝒳0 = {x1
0, …, xn

0}

For all xi
t−1

For all xi
t

4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw
xi

1

xi
2

wi
2

bel(x2)

p(zt = 0 |xt)



Particle filter

1. Initialize particles:
2. Prediction step (new action       performed):

3. Measurement update (new      received):

5. Repeat from 2:
<latexit sha1_base64="rNDkl2958bknSf339a4PFE2mhUg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRAl70FsE8JFnC7GSSDJmdXWZ6hbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u4JYCoOu++3kVlbX1jfym4Wt7Z3dveL+QcNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqZ+s0nro2I1AOOY+6HdKBEXzCKVnpEck2QnBGvWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezgCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDMq2BC8xZeXSeO87F2UK/eVUvUuiyMPR3AMp+DBJVThFmpQBwYhPMMrvDnaeXHenY95a87JZg7hD5zPH2+ujuU=</latexit>

t = t+ 1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

xi
t ∼ p(xt |xi

t−1, ut)

wi
t = p(zt |xi

t)

𝒳0 = {x1
0, …, xn

0}

For all xi
t−1

For all xi
t

4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw
xi

2

xi
3

wi
3

bel(x3)

p(zt = 0 |xt)



Particle filter

1. Initialize particles:
2. Prediction step (new action       performed):

3. Measurement update (new      received):

5. Repeat from 2:
<latexit sha1_base64="rNDkl2958bknSf339a4PFE2mhUg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRAl70FsE8JFnC7GSSDJmdXWZ6hbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u4JYCoOu++3kVlbX1jfym4Wt7Z3dveL+QcNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqZ+s0nro2I1AOOY+6HdKBEXzCKVnpEck2QnBGvWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezgCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDMq2BC8xZeXSeO87F2UK/eVUvUuiyMPR3AMp+DBJVThFmpQBwYhPMMrvDnaeXHenY95a87JZg7hD5zPH2+ujuU=</latexit>

t = t+ 1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

xi
t ∼ p(xt |xi

t−1, ut)

wi
t = p(zt |xi

t)

𝒳0 = {x1
0, …, xn

0}

For all xi
t−1

For all xi
t

4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw
xi

3

xi
4

wi
4

bel(x4)

p(zt = 0 |xt)



Particle filter

1. Initialize particles:
2. Prediction step (new action       performed):

3. Measurement update (new      received):

5. Repeat from 2:
<latexit sha1_base64="rNDkl2958bknSf339a4PFE2mhUg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRAl70FsE8JFnC7GSSDJmdXWZ6hbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u4JYCoOu++3kVlbX1jfym4Wt7Z3dveL+QcNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqZ+s0nro2I1AOOY+6HdKBEXzCKVnpEck2QnBGvWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezgCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDMq2BC8xZeXSeO87F2UK/eVUvUuiyMPR3AMp+DBJVThFmpQBwYhPMMrvDnaeXHenY95a87JZg7hD5zPH2+ujuU=</latexit>

t = t+ 1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

xi
t ∼ p(xt |xi

t−1, ut)

wi
t = p(zt |xi

t)

𝒳0 = {x1
0, …, xn

0}

For all xi
t−1

For all xi
t

4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw
xi

4

xi
5

p(zt = 1 |xt)



Particle filter

1. Initialize particles:
2. Prediction step (new action       performed):

3. Measurement update (new      received):

5. Repeat from 2:
<latexit sha1_base64="rNDkl2958bknSf339a4PFE2mhUg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRAl70FsE8JFnC7GSSDJmdXWZ6hbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u4JYCoOu++3kVlbX1jfym4Wt7Z3dveL+QcNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqZ+s0nro2I1AOOY+6HdKBEXzCKVnpEck2QnBGvWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezgCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDMq2BC8xZeXSeO87F2UK/eVUvUuiyMPR3AMp+DBJVThFmpQBwYhPMMrvDnaeXHenY95a87JZg7hD5zPH2+ujuU=</latexit>

t = t+ 1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

xi
t ∼ p(xt |xi

t−1, ut)

wi
t = p(zt |xi

t)

𝒳0 = {x1
0, …, xn

0}

For all xi
t−1

For all xi
t

4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw
xi

4

xi
5

wi
5

p(zt = 1 |xt)



Particle filter

1. Initialize particles:
2. Prediction step (new action       performed):

3. Measurement update (new      received):

5. Repeat from 2:
<latexit sha1_base64="rNDkl2958bknSf339a4PFE2mhUg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRAl70FsE8JFnC7GSSDJmdXWZ6hbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u4JYCoOu++3kVlbX1jfym4Wt7Z3dveL+QcNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqZ+s0nro2I1AOOY+6HdKBEXzCKVnpEck2QnBGvWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezgCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDMq2BC8xZeXSeO87F2UK/eVUvUuiyMPR3AMp+DBJVThFmpQBwYhPMMrvDnaeXHenY95a87JZg7hD5zPH2+ujuU=</latexit>

t = t+ 1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

xi
t ∼ p(xt |xi

t−1, ut)

wi
t = p(zt |xi

t)

𝒳0 = {x1
0, …, xn

0}

For all xi
t−1

For all xi
t

4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw
xi

4

xi
5

wi
5

bel(x5)

p(zt = 1 |xt)



Particle filter

1. Initialize particles:
2. Prediction step (new action       performed):

3. Measurement update (new      received):

5. Repeat from 2:
<latexit sha1_base64="rNDkl2958bknSf339a4PFE2mhUg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRAl70FsE8JFnC7GSSDJmdXWZ6hbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u4JYCoOu++3kVlbX1jfym4Wt7Z3dveL+QcNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqZ+s0nro2I1AOOY+6HdKBEXzCKVnpEck2QnBGvWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezgCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDMq2BC8xZeXSeO87F2UK/eVUvUuiyMPR3AMp+DBJVThFmpQBwYhPMMrvDnaeXHenY95a87JZg7hD5zPH2+ujuU=</latexit>

t = t+ 1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

xi
t ∼ p(xt |xi

t−1, ut)

wi
t = p(zt |xi

t)

𝒳0 = {x1
0, …, xn

0}

For all xi
t−1

For all xi
t

4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw
xi

5

xi
6

wi
6

bel(x6)

p(zt = 0 |xt)



Particle filter

1. Initialize particles:
2. Prediction step (new action       performed):

3. Measurement update (new      received):

5. Repeat from 2:
<latexit sha1_base64="rNDkl2958bknSf339a4PFE2mhUg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRAl70FsE8JFnC7GSSDJmdXWZ6hbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u4JYCoOu++3kVlbX1jfym4Wt7Z3dveL+QcNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqZ+s0nro2I1AOOY+6HdKBEXzCKVnpEck2QnBGvWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezgCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDMq2BC8xZeXSeO87F2UK/eVUvUuiyMPR3AMp+DBJVThFmpQBwYhPMMrvDnaeXHenY95a87JZg7hD5zPH2+ujuU=</latexit>

t = t+ 1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

xi
t ∼ p(xt |xi

t−1, ut)

wi
t = p(zt |xi

t)

𝒳0 = {x1
0, …, xn

0}

For all xi
t−1

For all xi
t

4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw
xi

6

xi
7

wi
7

bel(x7)

p(zt = 0 |xt)



Particle filter

1. Initialize particles:
2. Prediction step (new action       performed):

3. Measurement update (new      received):

5. Repeat from 2:
<latexit sha1_base64="rNDkl2958bknSf339a4PFE2mhUg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRAl70FsE8JFnC7GSSDJmdXWZ6hbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u4JYCoOu++3kVlbX1jfym4Wt7Z3dveL+QcNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqZ+s0nro2I1AOOY+6HdKBEXzCKVnpEck2QnBGvWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezgCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDMq2BC8xZeXSeO87F2UK/eVUvUuiyMPR3AMp+DBJVThFmpQBwYhPMMrvDnaeXHenY95a87JZg7hD5zPH2+ujuU=</latexit>

t = t+ 1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

xi
t ∼ p(xt |xi

t−1, ut)

wi
t = p(zt |xi

t)

𝒳0 = {x1
0, …, xn

0}

For all xi
t−1

For all xi
t

4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw
xi

7

xi
8

wi
8

bel(x8)

p(zt = 0 |xt)



Running the same example multiple times

40 particles



Running the same example multiple times

40 particles

5 particles



Running the same example multiple times

1000 particles

2 particles

Result heavily depends on initialization



4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw

Monte Carlo resampling inspired by roulette wheel



4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw

w1 w2

w3

w4

w5

w6w7w8

w9

w10

Roulette wheel



4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw

Roulette wheel

w1
w2w1+

w3w2w1+ +

4

∑
i

wi

Estimate cell borders as cumsum

w1 w2

w3

w4

w5

w6w7w8

w9

w10



4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw

Roulette wheel

Generate random number

Repeat is N times

Find corresponding slot by binary search 
𝒪(log(N))

N particles 𝒪(N log(N))
easy to understand

w1 w2

w3

w4

w5

w6w7w8

w9

w10

w1
w2w1+

w3w2w1+ +

4

∑
i

wi



4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw

N particles 𝒪(N log(N))
Roulette wheel

easy to understand

Stochastic universal resampling

Generate only one small random number

w1 w2

w3

w4

w5

w6w7w8

w9

w10

w1 w2

w3

w4

w5

w6w7w8

w9

w10



4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw

N particles 𝒪(N log(N))
Roulette wheel

easy to understand

Stochastic universal resampling

Other numbers are equally distributed

w1 w2

w3

w4

w5

w6w7w8

w9

w10

w1 w2

w3

w4

w5

w6w7w8

w9

w10



4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw

N particles 𝒪(N log(N))
Roulette wheel

easy to understand

Stochastic universal resampling

Generate 1 number => Generating N samples 
Estimate bins starting at the random number

w1 w2

w3

w4

w5

w6w7w8

w9

w10

w1 w2

w3

w4

w5

w6w7w8

w9

w10



4. Resample
𝒳t = {x1

t , …, xn
t } ∝ wi

tDraw

N particles 𝒪(N log(N))
Roulette wheel

N particles 𝒪(N)
lower varianceeasy to understand

Stochastic universal resampling

w1 w2

w3

w4

w5

w6w7w8

w9

w10

w1 w2

w3

w4

w5

w6w7w8

w9

w10

Go through the wheel and update  
the slot if arrow is higher than cumsum value



[Dieter Fox]Particle filter example



[Dieter Fox]Particle filter example



Bayes filter

Kalman filter

Drawbacks Advantages

represent only gaussians

suffers from linearization

course of dimensionality represents arbitrary  
prob. distributionspatial discretization

nicely scales with  
higher dimensions

Particle filter course of dimensionality   represents arbitrary  
prob. distribution

Factorgraph typically represents  
gaussian factors 

grows to infinity

does not suffer  
from linearizations

Summary

x
bel(x)

x
bel(x)

x
bel(x)

allows for arbitrary 
conditional independences

Φ6(x1, x2)

Φ3(x3)

Φ4(x1, x2) Φ5(x2, x3)

Φ1(x1)
Φ2(x2)

Φ7(x2, x3)

Φ8(x1, x2, x3)

x1

x2

x3

partical quantization


