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Recap

* Stationary Dynamics

P(X¢| Xo0:t—1,Up.t) = P(X¢| X¢—1, Uy)

* Markov Assumption

P(X:|Xo.t—1,Up:t) = P(X¢| X¢—1, Uy)

P(Zi| Xo.t, Uout) = P(Z4] X;)
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b(xe) = nP(2ew) Y P(we|we—t, 210—1, t1:4)b(2-1)

Tt—1

Algorithm Bayes Filter(b(x,;), u,, z,)
For all x, do:

b(i) = Y Plwe]ai—1,ug)b(we—1)

Tt—1

b(xt) = nP(z|2e)b(x)

Endfor
Return b(x;)



Example

States: x = {open, closed}

Observations: z = {sense — open, sense — closed}

Actions: u = {push,do — nothing}



Example

States: = = {open, closed}

Observations: z = {sense — open, sense — closed}
Actions: © = {push, do — nothing}

Sensor Model: P(z: = sense — open|zy = open) = 0.6

P(z; = sense — closed|zy = open) = 0.4
P(z; = sense — open|xy = closed) = 0.2
)

P(z; = sense — closed|x; = closed) = 0.8



Example

States: = = {open, closed}
Observations: z = {sense — open, sense — closed}
Actions: u = {push,do — nothing}

Sensor Model: P(z = sense — open|z; = open) = 0.6

P(z; = sense — closed|x; = open) = 0.4
P(z; = sense — open|xy = closed) = 0.2
)

P(z; = sense — closed|zy = closed) = 0.8

Action Model:
P(zy = open|xi—1 = open,u; = push
P(z; = closed|xy_1 = open,u; = push

)
)

P(xy = open|xi_1 = closed,us = push) = 0.8
)



Example

States: = = {open, closed}
Observations: z = {sense — open, sense — closed}

Actions: u = {push,do — nothing}

Sensor Model: P(zt = sense — open|x; = open) = 0.6
P(z; = sense — closed|x; = open) = 0.4
P(z; = sense — open|xy = closed) = 0.2
P(z; = sense — closed|ry = closed) = 0.8
Action Model:

P(x¢ = open|xi—1 = open,u; = push) = 1.0 P(xy = open|z;_1 = open,u; = do — nothing) = 1.0
P(xy = closed|xy_1 = open, u; = push) = 0.0 P(x¢ = closed|xs—1 = open,us = do — nothing) = 0.0
P(x¢ = open|xi—1 = closed,u; = push) = 0.8 P(xy = open|zi—1 = closed, uy = do — nothing) = 0.0

) )

P(z; = closed|ri—1 = closed,u; = push) = 0.2 P(x¢ = closed|xs—1 = closed, u; = do — nothing) = 1.0



Example

Sensor Model: P(z; = sense — open|z; = open) = 0.6
States: « = {open, closed}

Observations: 2 = {sense — open, sense — closed} P(z; = sense — open|r; = closed

) =
P(z; = sense — closed|x; = open) = 0.4
) =
P(z; = sense — closed|z; = closed) = 0.8

Actions: © = {push,do — nothing}
Action Model: P(xz; = open|x;_1 = open, u; = push

P(x¢y = open|xi—1 = closed, u; = push

)
P(x = closed|xs—1 = open,u; = push) = 0.0
) =
P(xy = closed|xy—1 = closed,u; = push) = 0.2



Example

* In the beginning, we don’t know if the door is open or
closed.

e How can we model the initial belief?



t=0

Sensor Model: P(z; = sense — open|z; = open) = 0.6
States: « = {open, closed}

Observations: 2 = {sense — open, sense — closed} P(z = sense — open|z; = closed

) =
P(z; = sense — closed|x; = open) = 0.4
) =
P(z; = sense — closed|z; = closed) = 0.8

Actions: © = {push,do — nothing}

Action Model: P(z; = open|x;_1 = open,u; = push) = 1.0
P(x = closed|xs—1 = open,u; = push) = 0.0

P(xy = open|xi—1 = closed, u; = push) = 0.8

P(xy = closed|xy—1 = closed,u; = push) = 0.2

b(xg = open) = 0.5
b(zog = closed) = 0.5



t=1

losed Sensor Model: P(z; = sense — open|z; = open) = 0.6

States: @ = {open, closed} P(z; = sense — closed|x; = open) = 0.4

Observations: 2 = {sense — open, sense — closed} P(z; = sense — open|r; = closed) = 0.2
) =

P(z; = sense — closed|z; = closed) = 0.8
Actions: © = {push,do — nothing}

Action Model: P(z; = open|x;_1 = open,u; = push) = 1.0
P(x = closed|xs—1 = open,u; = push) = 0.0
P(xy = open|xi—1 = closed, u; = push) = 0.8

) =

P(z; = closed|x;—1 = closed, uy = push) = 0.2

b(xg = open) = 0.5
b(zog = closed) = 0.5

Assume that the robot does nothing in the first time-step
and then senses an open door!



t=1

losed Sensor Model: P(z; = sense — open|z; = open) = 0.6
States: @ = {open, closed} P(z; = sense — closed|x; = open) = 0.4
Observations: 2 = {sense — open, sense — closed} P(z = sense — open|z; = closed) = 0.2

P(z; = sense — closed|z; = closed) = 0.8

Actions: © = {push,do — nothing}

Action Model: P(z; = open|x;_1 = open,u; = push) = 1.0
P(x = closed|xs—1 = open,u; = push) = 0.0
P(xy = open|xi—1 = closed, u; = push) = 0.8

) =

P(z; = closed|x;—1 = closed, uy = push) = 0.2

b(xg = open) = 0.5
b(zog = closed) = 0.5

Assume that the robot does nothing in the first time-step
and then senses an open door!

u1 = do — nothing

<1 = sense — open



t=1

losed Sensor Model: P(z; = sense — open|z; = open) = 0.6

States: @ = {open, closed} P(z; = sense — closed|x; = open) = 0.4

Observations: 2 = {sense — open, sense — closed} P(z; = sense — open|r; = closed) = 0.2
) =

P(z; = sense — closed|z; = closed) = 0.8
Actions: © = {push,do — nothing}

Action Model: P(z; = open|x;_1 = open,u; = push) = 1.0
P(x = closed|xs—1 = open,u; = push) = 0.0
P(xy = open|xi—1 = closed, u; = push) = 0.8

)

P(z; = closed|x;—1 = closed, uy = push) = 0.2

b(xg = open) = 0.5
b(zog = closed) = 0.5

Assume that the robot does nothing in the first time-step
and then senses an open door!

u1 = do — nothing

<1 = sense — open

Belief update equation: b(zt) = 1P (z¢|x¢) Z P(2¢|re—1, ue)b(2-1)

Tt—1



t=1

losed Sensor Model: P(z; = sense — open|z; = open) = 0.6

States: @ = {open, closed} P(z; = sense — closed|x; = open) = 0.4

Observations: 2 = {sense — open, sense — closed} P(z; = sense — open|r; = closed) = 0.2
) =

P(z; = sense — closed|z; = closed) = 0.8
Actions: © = {push,do — nothing}

Action Model: P(z; = open|x;_1 = open,u; = push) = 1.0
P(x = closed|xs—1 = open,u; = push) = 0.0
P(xy = open|xi—1 = closed, u; = push) = 0.8

) =

P(z; = closed|x;—1 = closed, uy = push) = 0.2

b(xg = open) = 0.5
b(zog = closed) = 0.5

Assume that the robot does nothing in the first time-step
and then senses an open door!

b(z1) = nP(z1]x1) > | P(z1|zo, ur)b(zo)

Lo



t=1

States: « = {open, closed}

Observations: 2 = {sense — open, sense — closed} P(z; = sense — open|r; = closed

P(z; = sense — closed|x; = open

Sensor Model: P(z; = sense — open|z; = open) = 0.6

) =
) =
) =
) =

P(z; = sense — closed|z; = closed) = 0.8

Actions: © = {push,do — nothing}
Action Model: P(z; = open|x;_1 = open,u;

P(z; = closed|xs—1 = open, uy
P(xy = open|xi—1 = closed, uy

P(z; = closed|x;—1 = closed, u;

b(xg = open) = 0.5
b(zog = closed) = 0.5

Assume that the robot does nothing in the first time-step
and then senses an open door!

b(x1) = nP(z1]21) Y P(wi|zo, u1)b(xo)

Zo

Bayes Filter

b(z1) = Y P(x1]ao, u1)b(zo)

Zo

b(x1) = nP(z1]x1)b(x1)

= push) = 1.0
= push) = 0.0
= push) = 0.8
= push) = 0.2



t=1

losed Sensor Model: P(z; = sense — open|z; = open) = 0.6
States: @ = {open, closed} P(z; = sense — closed|x; = open) = 0.4
Observations: 2 = {sense — open, sense — closed} P(z = sense — open|z, = closed) = 0.2
P(z; = sense — closed|z; = closed) = 0.8
Actions: © = {push, do — nothing}

Action Model: P(z; = open|x;_1 = open,u; = push) = 1.0
P(x = closed|xs—1 = open,u; = push) = 0.0
P(xy = open|xi—1 = closed, u; = push) = 0.8
Bayes Filter P(z; = closed|x;—1 = closed, uy = push) = 0.2

b(il?l) = E P({E1|{Eo, ul)b<$0)

Zo

b(w1) = nP(z1|21)b(w1)



Sensor Model: P(z; = sense — open|z; = open) = 0.6

) =

) =

Observations: 2 = {sense — open, sense — closed} P(z = sense — open|zy = closed) =
P(z; = sense — closed|z; = closed) = 0.8

States: = = {open, closed} P(z; = sense — closed|x; = open

Actions: © = {push,do — nothing}

Action Model: P(z; = open|x;_1 = open,u; = push) = 1.0
P(x = closed|xs—1 = open,u; = push) = 0.0
P(xy = open|xi—1 = closed, u; = push) = 0.8
Bayes Filter P(z; = closed|x;—1 = closed, uy = push) = 0.2
b(il?l) = E P({E1|{Eo,ul)b<$o)
Zo

b(z1) = nP(z1]z1)b(z1)
b(z, = open) = P(x1 = open|xy = open,u; = do — nothing)b(zg = open)
+ P(x1 = open|zy = closed, u; = do — nothing)b(xy = closed)
b(z1 = open) = 1.0 % 0.5+ 0.0 % 0.5



t=1

Sensor Model: P(z; = sense — open|z; = open) = 0.6

) =

) =

Observations: 2 = {sense — open, sense — closed} P(z = sense — open|zy = closed) =
P(z; = sense — closed|z; = closed) = 0.8

States: = = {open, closed} P(z; = sense — closed|x; = open

Actions: © = {push,do — nothing}
Action Model: P(z; = open|x;_1 = open,u; = push) = 1.0

)
P(x = closed|xs—1 = open,u; = push) = 0.0
P(xy = open|xi—1 = closed, u; = push) = 0.8
Bayes Filter P(z; = closed|x;—1 = closed, uy = push) = 0.2
b(il?l) = E P({E1|{Eo,ul)b<$o)
Zo

b(w1) = nP(z1|21)b(w1)

b(z, = open) = P(x1 = open|xy = open,u; = do — nothing)b(zg = open)
+ P(x1 = open|zy = closed, u; = do — nothing)b(xy = closed)
b(z1 = open) = 1.0 % 0.5+ 0.0 % 0.5

b(z = closed) = P(x, = closed|zy = open,u; = do — nothing)b(zg = open)
+ P(zq = closed|zy = closed,u; = do — nothing)b(zo = closed)
b(z, = closed) = 0.0 x 0.5+ 1.0 % 0.5



t=1

losed Sensor Model: P(z; = sense — open|z; = open) = 0.6
States: @ = {open, closed} P(z; = sense — closed|x; = open) = 0.4
Observations: 2 = {sense — open, sense — closed} P(z = sense — open|z, = closed) = 0.2
P(z; = sense — closed|z; = closed) = 0.8
Actions: © = {push, do — nothing}

Action Model: P(z; = open|x;_1 = open,u; = push) = 1.0
P(x = closed|xs—1 = open,u; = push) = 0.0
P(xy = open|xi—1 = closed, u; = push) = 0.8
Bayes Filter P(z; = closed|x;—1 = closed, uy = push) = 0.2

b(il?l) = E P($1|{E0, ul)b<$0)

Zo

b(w1) = nP(z1|21)b(w1)

Why did the belief not change?



t=1

losed Sensor Model: P(z; = sense — open|z; = open) = 0.6

States: @ = {open, closed} P(z; = sense — closed|x; = open) = 0.4

Observations: 2 = {sense — open, sense — closed} P(z; = sense — open|r; = closed) = 0.2
) =

P(z; = sense — closed|z; = closed) = 0.8

Actions: © = {push,do — nothing}
Action Model: P(x; = open|xzi_1 = open,u; =

P(x = closed|xy—1 = open, u; =

P(xy = open|zi—1 = closed, u; =

Bayes Filter P(z; = closed|xs—1 = closed, u; =
b(x1) =)  Pla1|wo, ur)b(wo)
Zo

b(w1) = nP(z1|21)b(w1)

b(z1 = open) = nP(z; = sense — open|r, = open)b(x, = open)
=70.6 * 0.5
=10.3

push) = 1.0
push) = 0.0
push) = 0.8
push) = 0.2



t=1

Sensor Model: P(z; = sense — open|z; = open) = 0.6
States: « = {open, closed}

Observations: 2 = {sense — open, sense — closed} P(z; = sense — open|r; = closed

) =
P(z; = sense — closed|x; = open) = 0.4
) =
P(z; = sense — closed|z; = closed) = 0.8

Actions: © = {push,do — nothing}

Action Model: P(z; = open|x;_1 = open,u; = push) = 1.0
P(x = closed|xs—1 = open,u; = push) = 0.0
P(xy = open|xi—1 = closed, u; = push) = 0.8
Bayes Filter P(z; = closed|x;—1 = closed, uy = push) = 0.2
b(il?l) = E P({E1|{Eo,ul)b<$o)
Zo

b(w1) = nP(z1|21)b(w1)

b(z1 = open) = nP(z; = sense — open|r, = open)b(x, = open)
=70.6 * 0.5
=10.3

b(x, = closed) = nP(z; = sense — open|xr; = closed)b(x1 = closed)
=1n0.2 % 0.5
=70.1



t=1

losed Sensor Model: P(z; = sense — open|z; = open) = 0.6

States: @ = {open, closed} P(z; = sense — closed|x; = open) = 0.4

Observations: 2 = {sense — open, sense — closed} P(z; = sense — open|r; = closed) = 0.2
) =

P(z; = sense — closed|z; = closed) = 0.8

Actions: © = {push,do — nothing}
Action Model: P(x; = open|xzi_1 = open,u; =

P(x = closed|xy—1 = open, u; =

P(xy = open|zi—1 = closed, u; =

Bayes Filter P(z; = closed|xs—1 = closed, u; =
b(x1) =)  Pla1|wo, ur)b(wo)
Zo

b(w1) = nP(z1|21)b(w1)

b(x1 = open) + b(x1 = closed) = 1.0
n*x0.3+nx0.1=1.0
n=2.5

push) = 1.0
push) = 0.0
push) = 0.8
push) = 0.2



t=1

losed Sensor Model: P(z; = sense — open|z; = open) = 0.6
States: @ = {open, closed} P(z; = sense — closed|x; = open) = 0.4
Observations: 2 = {sense — open, sense — closed} P(z = sense — open|z, = closed) = 0.2
P(z; = sense — closed|z; = closed) = 0.8
Actions: © = {push, do — nothing}

Action Model: P(z; = open|x;_1 = open,u; = push) = 1.0
P(x = closed|xs—1 = open,u; = push) = 0.0
P(xy = open|xi—1 = closed, u; = push) = 0.8
Bayes Filter P(z; = closed|x;—1 = closed, uy = push) = 0.2

b(il?l) = E P({E1|{Eo, ul)b<$0)

Zo

b(w1) = nP(z1|21)b(w1)

b(r; = open) = 2.5 % 0.3
= 0.75

b(x1 = closed) = 2.5 % 0.1
= 0.25



t =2

losed Sensor Model: P(z; = sense — open|z; = open) = 0.6

States: @ = {open, closed} P(z; = sense — closed|x; = open) = 0.4

Observations: 2 = {sense — open, sense — closed} P(z; = sense — open|r; = closed) = 0.2
) =

P(z; = sense — closed|z; = closed) = 0.8

Actions: © = {push,do — nothing}
Action Model: P(x; = open|xzi_1 = open,u; =

P(x = closed|xy—1 = open, u; =
P(xy = open|zi—1 = closed, u; =

P(xz; = closed|xi—1 = closed,u; =

What if the robot pushes the door and sense-open at t = 27?

push) = 1.0
push) = 0.0
push) = 0.8
push) = 0.2



t =2

States: « = {open, closed}

Observations: 2 = {sense — open, sense — closed} P(z; = sense — open|r; = closed

P(z; = sense — closed|x; = open

Sensor Model: P(z; = sense — open|z; = open) = 0.6

) =
) =
) =
) =

P(z; = sense — closed|z; = closed) = 0.8

Actions: © = {push,do — nothing}
Action Model: P(z; = open|x;_1 = open,u;

P(z; = closed|xs—1 = open, uy
P(xy = open|xi—1 = closed, uy

P(z; = closed|x;—1 = closed, u;

What if the robot pushes the door and sense-open at t = 27?

= push) = 1.0
= push) = 0.0
= push) = 0.8
= push) = 0.2

b(xy = open) = P(xo = open|z1 = open, us = push)b(x, = open)

+ P(x9 = open|x1 = closed, us = push)b(xy = closed)

b(xo = open) = 1.0%0.75 + 0.8 x 0.25 = 0.95



t =2

States:

Observations: 2 = {sense — open, sense — closed} P(z; = sense — open|r; = closed

Sensor Model: P(z; = sense — open|z; = open) = 0.6
) =
) =
) =

P(z; = sense — closed|z; = closed) = 0.8

v = {open, closed} P(z; = sense — closed|x; = open

Actions: © = {push,do — nothing}

Action Model: P(z; = open|x;_1 = open,u; = push) = 1.0
P(x = closed|xs—1 = open,u; = push) = 0.0
P(xy = open|xi—1 = closed, u; = push) = 0.8

)

P(z; = closed|x;—1 = closed, uy = push) = 0.2

What if the robot pushes the door and sense-open at t = 27?

B(CE‘Q

= open) = P(xy = open|r1 = open, us = push)b(x, = open)
+ P(x9 = open|x1 = closed, us = push)b(xy = closed)
= open) = 1.0%0.754+ 0.8 x 0.25 = 0.95

= closed) = P(xq = closed|r1 = open, us = push)b(x; = open)

+ P(xo = closed|xy = closed, us = push)b(x1 = closed)

= closed) = 0.0 x 0.75 4+ 0.2 x 0.25 = 0.05



t =2

Sensor Model: P(z; = sense — open|z; = open) = 0.6
States: @ = {open, closed} P(z; = sense — closed|x; = open) = 0.4
Observations: 2 = {sense — open, sense — closed} P(z = sense — open|z, = closed) = 0.2
P(z; = sense — closed|z; = closed) = 0.8

Actions: u = {push,do — nothing}
Action Model: P(z; = open|x;_1 = open,u; = push) = 1.0
P(x = closed|xs—1 = open,u; = push) = 0.0
P(xy = open|xi—1 = closed, u; = push) = 0.8
P(z; = closed|x;—1 = closed, uy = push) = 0.2

What if the robot pushes the door and sense-open at t = 27?

b(xo = open) = nP (2, = sense — open|ry = open)b(xy = open)

= 10.6 % 0.95
= 10.57

b(zo = closed) = nP(zy = sense — open|ws = closed)b(xo = closed)

= 10.2 % 0.05
= 70.01



t =2

States: « = {open, closed}

Observations: 2 = {sense — open, sense — closed} P(z; = sense — open|r; = closed

P(z; = sense — closed|x; = open

Sensor Model: P(z; = sense — open|z; = open) = 0.6

) =
) =
) =
) =

P(z; = sense — closed|z; = closed) = 0.8

Actions: © = {push,do — nothing}
Action Model: P(z; = open|x;_1 = open,u;

P(z; = closed|xs—1 = open, uy
P(xy = open|xi—1 = closed, uy

P(z; = closed|x;—1 = closed, u;

What if the robot pushes the door and sense-open at t = 27?

b(xry = open) + b(xo = closed) = 1.0
1% 0.57 4+ 1 % 0.01 = 1.0
n=1.72

= push) = 1.0
= push) = 0.0
= push) = 0.8
= push) = 0.2



t =2

Sensor Model: P(z; = sense — open|z; = open) = 0.6
States: @ = {open, closed} P(z; = sense — closed|x; = open) = 0.4
Observations: 2 = {sense — open, sense — closed} P(z = sense — open|z, = closed) = 0.2
P(z; = sense — closed|z; = closed) = 0.8

Actions: u = {push,do — nothing}
Action Model: P(z; = open|x;_1 = open,u; = push) = 1.0
P(x = closed|xs—1 = open,u; = push) = 0.0
P(xy = open|xi—1 = closed, u; = push) = 0.8
P(z; = closed|x;—1 = closed, uy = push) = 0.2

What if the robot pushes the door and sense-open at t = 27?

b(zo = open) = 0.57 % 1.72
= 0.98

b(zs = closed) = 0.01 % 1.72
= (0.02



Localization Example

(a)

t bel(x)




Localization Example

(b)




Localization Example

(c)

$ bel(x)




Localization Example

(d)




Localization Example

(e)




Question

* Do actions always increase uncertainty?



Question

* What if you receive an observation every 2 timesteps?



Question

* What if you miss an observation?

Xt-1

()

X t+1

ONO®
&)




Question

* What if you miss an observation?

P(z¢|21:t, u1:t) = 1 Z P(ze|ri—1,us) P(wr—1]|21:0-1, U124 —1)

Tt—1

b(z) =1y  Plawe1,u)b(zi—1)

Tt—1



Question

* What if you do not receive an input (assume state changes
only if there is an input)?




Question

* What if you do not receive an input (assume state changes
only if there is an input)?

P(J?t’Zl:taulzt) — UP(Zt’xt) Z P(xt’xt—laut)P(xt—lyzlzt—laulzt—l)

Tt—1

b(x:) = nP(z|we) Y Plwlai—1, ug)b(we—1)

Tt—1



Question

* What if you do not receive an input (assume state changes
only if there is an input)?

P(xt’le:taulzt) — UP(Zt’xt) Z P(il?t’wt—laUt)P(ﬂft—ﬂZl:t—laulzt—l)

Tt—1

b(ze) = nP(zilze) > Lay(m1)b(z11)

Tt—1



Question

« What if b(x:) becomes 0 for some =+ ?



