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Bayes Filters: Framework 
•  Given: 

•  Stream of observations z and action data u: 

•  Sensor model P(z|x). 
•  Dynamics model P(x|u,x’). 
•  Prior probability of the system state P(x). 

•  Wanted:  
•  Estimate of the state X of a dynamical system. 
•  The posterior of the state is also called Belief: 
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Bayes Filters 
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z  = observation 
u  = action 
x  = state 
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=η P(zt | xt ) P(xt | u1, z1,…,ut , xt−1)∫ P(xt−1 | u1, z1,…,ut ) dxt−1

Total prob. 
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Bayes Filters are Familiar! 

• Kalman filters 
• Particle filters 
• Hidden Markov models 
• Dynamic Bayesian networks 
• Partially Observable Markov Decision 

Processes (POMDPs) 
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Gaussians 
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Multivariate 
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Kalman Filter Updates in 1D 
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Kalman Filter Updates in 1D 
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Kalman Filter Updates 
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Sample-based Localization (sonar) 
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Particle Filters 
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Sensor Information: Importance Sampling 
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Robot Motion 
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Sensor Information: Importance Sampling 
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Robot Motion 
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1.   Algorithm particle_filter( St-1, ut-1 zt): 
2.   

3.  For                                                Generate new samples 

4.    Sample index j(i) from the discrete distribution given by wt-1 

5.   Sample     from                         using          and 

6.        Compute importance weight 

7.        Update normalization factor 

8.         Insert 

9.   For  

10.       Normalize weights 
 

Particle Filter Algorithm 
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draw xi
t-1 from Bel(xt-1) 

draw xi
t from p(xt | xi

t-1,ut-1) 

Importance factor for xi
t: 
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Particle Filter Algorithm 
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Resampling 

• Given: Set S of weighted samples. 

• Wanted : Random sample, where the 
probability of drawing xi is given by wi. 

• Typically done n times with replacement to 
generate new sample set S’. 
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w2 

w3 

w1 wn 

Wn-1 

Resampling 

w2 

w3 

w1 wn 

Wn-1 

•  Roulette wheel 
•  Binary search, n log n 

•  Stochastic universal sampling 
•  Systematic resampling 

•  Linear time complexity 
•  Easy to implement, low variance 
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1.   Algorithm systematic_resampling(S,n): 

2.   
3.   For    Generate cdf 
4.       
5.       Initialize threshold 

6.   For    Draw samples … 
7.     While (            )  Skip until next threshold reached 
8.          
9.       Insert 
10.                                            Increment threshold 

11.  Return S’ 

Resampling Algorithm 
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Also called stochastic universal sampling 
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Museum Tour-Guide Minerva 
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Using Ceiling Maps for Localization 

[Dellaert et al. 99] CSE-473: Artificial Intelligence Dieter Fox 40 



Vision-based Localization 

P(z|x) 

h(x) 

z 
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Under a Light 

Measurement z: P(z|x): 
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Next to a Light 

Measurement z: P(z|x): 
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Elsewhere 

Measurement z: P(z|x): 
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Global Localization Using Vision 
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Localization for AIBO robots 

Dieter Fox 46 



CSE-473: Artificial 
Intelligence 

From Images to Objects 
Approach: Extract relevant colors 
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Distributions 
for P(z|x) 



Velocity Based Motion Model 
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Multi-Step Motion 

Start 
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§  Kalman	  Filter	  	  
§  Highly	  efficient,	  robust	  	  
§  Uni-‐modal,	  limited	  handling	  of	  nonlinearities	  

§  Particle	  Filter	  
§  Less	  efficient,	  highly	  robust	  
§  Multi-‐modal,	  nonlinear,	  non-‐Gaussian	  

§  Rao-‐Blackwellised	  Particle	  Filter,	  MHT	  
§  Combines	  PF	  with	  KF	  
§  Multi-‐modal,	  highly	  efficient	  
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Ball Tracking 
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