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Particle Filter
A heu 6%"0‘!»,4% J‘:Iﬂv'iiow rwnwt"cc., hva ifistrs a‘.— MMIE
= Non-parametric recursive Bayes filter

= Posterior is represented by a set of
weighted samples —o fss #ay?

= Can model arbitrary distributions
= Works well in low-dimensional spaces

= 3-Step procedure A
= Sampling from proposal x> % (WW W)
- Importance Weighting weds - _tagtG)

| vogssol (x,’)
= Resampling ae peu sttt (e R0P) T
o of pess dfs n puedwie.
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Particle Filter Algorithm

1. Sample the particles from the
proposal distribution
a:,[gﬂ ~ (x| ...
2. Compute the importance weights

ta'rget(:vgj])

w,@j] — 7]
proposal(x;’")

3. Resampling: Draw sample 7 with
probability wf’]and repeat J times



Particle Representation

= A set of weighted samples

X = x[z],w[z] . — IfE & s« LocAURRSVE
{< >}z=1,...,N - (X,:j ; Q)30‘immf;,u

= Think of a sample as one hypothesis
about the state

» For feature-based SLAM:

_ T
T = (T1:4, M1 2, M1y MMz MM y)

’ T TES?ACE( PIH.W Rt b At L S G el b el L
A? %"(T“é&mw poses AW landmarks (ocdmoMS )
o . '

Mock thGHER Dirfen. SPACE.

TARN L FUmk € ok &mde Lo SBRe DEQU STAN £ Plccolo (3...4.*10..511\?") Hﬂ— & e
avDAe x €5 f MueE DU CANDHARKS + LuxiGA TRACTWUA = TR Pl CRANPE (A DIMEN JIuNE PEGU
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Dimensionality Problem

Particle filters are effective in low
dimensional spaces as the likely
regions of the state space need to
be covered with samples.

_ T
T = (T1:46M14, M1 g5+ MM 2, MM )

high-dimensional ~
o \MN) To PANOLE SucW A fRoBlzh WIMH TANCE FICTEL LIKE THS
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If we use the particle set only to model .«

the robot’s path, each sample is a path ;5.

hypothesis. For each sample, we can %
compute an individual map of landmarks.
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Rao-Blackwellization for SLAM

= Factorization of the SLAM posterior
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FastSLAM 1.0 - Part 2 (long)

11: else
12: // measurement prediction
13: EKF // calculate Jacobian
14:upd ate // measurement covariance
15: // calculate Kalman gain
16: // update mean
17: // update covariance
JE' v
19: endif °
20: for all unobserved features j' do
21: (,u[lf]t, Z[k] L) = <u£’f1t_1, Z‘[ﬁ],t_ﬁ // leave unchanged
23: endfor
24: endfor
25: X = resample << [F] <,u[1kl, Z[1k15> you ,w[k]> )

’ k=1,...,N
26: return X}
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31


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini


Augusto Luis Ballardini



WRY THE IMPORTANCE WETGHT IS UkeTHIS 7

The Weight is a Result From the
Importance Sampling Principle

= Importance weight is given by the
ratio of target and proposal in z !

= See: importance sampling principle

TE PUTRIBINoN WE
WANT TO

[k] — target(ag[k] ACPADXI NATE

|$‘|’“[I\T}UZ\Q'E DYJTALY
proposal (z[F]) 375552
CREAD X SMe &
\oste st

w
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Data Association Problem

= Which observation belongs to which

landmark?

X%\,/x%\

T
1 /

| /

1, 7/

&

= More than one possible association

= Potential data associations
depend on the pose of the robot
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Particles Support for Multi-
Hypotheses Data Association

= Decisions on a per- 8
particle basis

= Robot pose erroris . -,
factored out of data = - »(:2 & o
association decisions
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Per-Particle Data Association

- Was the observation
T — generated by the red
or by the brown
\ 7 landmark?

P(observation|red) = 0.3  P(observation|brown) = 0.7
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Per-Particle Data Association

- Was the observation
T — generated by the red
' or by the brown
\ 7 landmark?

P(observation|red) = 0.3  P(observation|brown) = 0.7

= Two options for per-particle data association
= Pick the most probable match

= Pick an random association weighted by
the observation likelihoods

= If the probability for an assignment is too low,
generate a new landmark
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Per-Particle Data Association

Gl

~

C .

= Multi-modal belief

Was the observation
generated by the red

or by the brown
landmark?

» Pose error is factored out of data

association decisions

= Simple but effective data association
= Big advantage of FastSLAM over EKF
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Results — Victoria Park

» 4 km traverse

= < 2.5 mRMS
position error

= 100 particles

Blue = GPS L BAS
= FastSLAM .« . 65D T A
Courtesy: Mike Montemerlo 50
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Results - Victoria Park (Video)

Courtesy: Mike Montemerlo
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Results (Sample Size)

Accuracy of FastSLAM vs. the EKF on Simulated Data
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Results (Motion Uncertainty)

Comparison of FastSLAM and EKF Given Motion Ambiguity
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FastSLAM 1.0 Summary

= Use a particle filter to model the belief

= Factors the SLAM posterior into low-
dimensional estimation problems

= Model only the robot’s path by
sampling

= Compute the landmarks given the path

= Per-particle data association

= No robot pose uncertainty in the per-
particle data association
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FastSLAM Complexity - Simple
Implementation

= Update robot particles O(N)
based on the control

= Incorporate an observation (O(N)
into the Kalman filters

= Resample particle set O(NM)

N = Number of particles O(NM)
M = Number of map features

55



A Better Data Structure for
FastSLAM

j=4?

j=27? j<6 ?

T F T F

j=37? j=57? j=77?

ANANANAT

!"'1a o MQ, ] P«3,]2[k] !-"4, 4 M;, ! MG, | M7, 5! Mga
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A Better Data Structure for
FastSLAM =47

new particle

old particle

TIPSR TI S TTAD ST ST TVl ST ST 8
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FastSLAM Complexity

= Update robot particles O(N)
based on the control

= Incorporate an observation O(N log M)
into the Kalman filters

= Resample particle set O(N log M)

N = Number of particles O(N log M)

M = Number of map features
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Memory Complexity

Memory Usage of Log(N) FastSLAM VS. Lmear FastSLAM — 100 Particles
120
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FastSLAM 1.0

= FastSLAM 1.0 uses the motion model
as the proposal distribution

%]

k
v~ play | 2y w)

» Is there a better distribution to
sample from?

[Montemerlo et al., 2002] 60



FastSLAM 1.0 to FastSLAM 2.0

= FastSLAM 1.0 uses the motion model
as the proposal distribution

%]

k
v~ play | 2y w)

» FastSLAM 2.0 considers also the
measurements during sampling

= Especially useful if an accurate sensor
is used (compared to the motion
noise)

[Montemerlo et al., 2003] 61



FastSLAM 2.0 (Informally)
= FastSLAM 2.0 samples from
5’71[51{] ~ p(xt \ 513[1]3]5_1&1:15,21:15)

= Results in a more peaked proposal
distribution

= | ess particles are required
= More robust and accurate
= But more complex...

[Montemerlo et al., 2003] 62



FastSLAM Problems

= How to determine the sample size?

= Particle deprivation, especially when
closing (multiple) loops

Particles share common history here

‘FastSLAM 2.0 .. °




FastSLAM Summary

= Particle filter-based SLAM

= Rao-Blackwellization: model the
robot’s path by sampling and compute
the landmarks given the poses

= Allow for per-particle data association

= FastSLAM 1.0 and 2.0 differ in the
proposal distribution

= Complexity O(N log M)
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FastSLAM Results

= Scales well (1 million+ features)

= Robust to ambiguities in the data
association

= Advantages compared to the classical
EKF approach (especially with non-
linearities)
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