Course 11
Planning and plan execution



The problem

It

initial state final state



STRIPS rules

pickup (x)
P&D: ontable(x), clear(x), handempty
A: holding(x)



STRIPS rules
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pickup (x)

P&D: ontable (x), clear(x), handempty
A: holding(x)



STRIPS rules

pickup (x)
P&D: ontable(x), clear(x), handempty
A: holding(x)



STRIPS rules

pickup (x)
P&D: ontable(x), clear(x), handempty
A: holding(x)



STRIPS rules

pickup (x)
P&D: ontable (x), clear(x), handempty
A: holding(x)



STRIPS rules

putdown (x)
P&D: holding (x)
A: ontable(x), clear(x), handempty



STRIPS rules

—

putdown (x)
P&D: holding (x)
A: ontable(x), clear(x), handempty



STRIPS rules

i S

putdown (x)
P&D: holding (x)
A: ontable(x), clear(x), handempty



STRIPS rules

putdown (x)
P&D: holding (x)
A: ontable(x), clear(x), handempty



STRIPS rules

unstack (x,y)
P&D: on(x,y), clear(x), handempty
A: holding(x), clear(y)



STRIPS rules

Y v

unstack (x,y)
P&D: on(x,y), clear(x), handempty
A: holding(x), clear(y)



STRIPS rules

unstack (x,y)

P&D: on(x,y), clear(x), handempty
A: holding(x), clear(y)



STRIPS rules

unstack (x,y)

P&D: on(x,y), clear(x), handempty
A: holding(x), clear(y)



STRIPS rules

X
X \/
y y
unstack (x,y)
P&D: on(x,y), clear(x), handempty

A: holding(x), clear(y)



STRIPS rules

D

y y

unstack (x,y)
P&D: on(x,y), clear (x), handempty
A: holding(x), clear(y)



STRIPS rules

stack (x,y)
P&D: holding(x), clear(y)
A: on(x,y), handempty, clear (x)



Steps towards solution

initial state

-

unst:?/qA) ickup(B)
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D :

stack(CMwn(C) st%ck(B,C)
== == —
jolot N

C
pickup(A) p|cku2 :gfkup(B) deadend
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; : pickup(B)

/ <stack(B,C)
o
picku¢\)
- | stack(A,B)

B final state

Steps towards solution

> ]




initial state final state

One possible solution _ L

o|w[>]

1: unstack(A,C)

6: stack(A,B)

2: putdown(A)

3: pickup(B)
4: stack(B,C)




C

A

unstack(C,A)\

putdown(C) N\

ol

B

The solution

initial state

6

pickup(B)\
stack(B,C)\

pickup(A)\
stack(A, B)\

final state



Tracking the execution of the
25| nital state plan: incidents

C

unstack(C,A)\
putdown(C) N\
=
o
pickup(B)\
stack(B,C)\

pickup(A)\

stack(A,B)\E




Tracking the execution of the

unstack(C,AN

putdown(C) N\

A . initial state

plan: incidents

error: the arm picks up C
instead of B

=

o
pickup(B)\

stack(B,C)\

pickup(A)\

stack(A,B)\E




N+1

\\ putdown(C)
N = length of the solution in

#steps
\ pickup(B)

N

\ stack(B,C)

\ pickup(A)

-

A

v

N+1




unstack(C,A) The triangU|ar diagram

putdown(C)

step i pickup(B)

stack(B,C)

pickup(A)

stack(A,B)

These boxes concentrate all predicates
in the lists P&D of the rule j step



unstack(C,A) The triangU|ar diagram

putdown(C)

stack(B,C)

pickup(A)

stack(A,B)

These boxes concentrate all predicates
in the list A of the rule i step



putdown(C)

N = length of solution in #steps

pickup(B)

stack(B,C)




unstack(C,A)

The triangular diagram

putdown(C)

pickup(B)

stack(B,C)

pickup(A)

stack(A,B)

The first colum concentrates all
predicates in the initial state.




unstack(C,A)

The triangular diagram

putdown(C)

pickup(B)

stack(B,C)

pickup(A)

stack(A,B)

The last line concentrates all
predicates in the final state.




unstack(C,A)

The triangular diagram:

wome)  Kernel of order i

-1

pickup(B)
stack(B,C)
pickup(A)
stack(A,B)
2T OT predicate d oJo
U



/

\

unstack(C,A)

The triangular diagram:
putdown(C) ke rnel

pickup(B)

stack(B,C)

pickup(A)

stack(A,B)

Initial state: the kernel of order 1



mekes — The triangular diagram:
putdown(C) ke r n e I
pickup(B)
stack(B,C)
pickup(A)
stack(A,B)

|
~_

\

Final state: the kernel of order N+1




unstack(C,A)

The triangular diagram

putdown(C)

pickup(B)

stack(B,C)

pickup(A)

stack(A,B)

handempty
ontable(A)
ontable(B)
on(C,A)
clear (C)
lear(B)

The initial state should

be placed here.



Plan execution: step 1

0
1 1 unstack(A,C)
nstackA.c) P&D: on(A,C), clear(A), handempty
2 2 .
putdown(A) A: holding(A), clear(C)
3 3
pickup(B)
4 4
stack(B,C)

5 5

pickup(A)

6

6 stack(A,B)
7

ontable(C),
ontable(B),
on(A,QC),
clear(A)
clear(B)
handempty

Out of the predicates of the
initial state look for those that
are part of the P&D list of rule 1




Plan execution: step 1

0
(AC)
e 1 unstack(A,C)
nEmPY | unstack(A.0) P&D: on(A,C), clear(A), handempty
2 .
putdown(A) A: holding(A), clear(C)
3
pickup(B)
4
stack(B,C)
5
pickup(A)
6
stack(A,B)
ontable(C)
ontable(B)
clear(B)

... and bring them up in the line

of rule 1.




Plan execution: step 1

0
on(A,C)
o) 1 unstack(A,C)
handempty | unstack(A) P&D: on(A,C), clear(A), handempty
2 .
putdown(A) A: hOIdlng(A), Clear(C)
3
pickup(B)
4
stack(B,C)
5
pickup(A)
6
stack(A,B)
ontable(C) holding(A)
ontable(B) clear(C)
clear(B)

Colect here all predicates of list
A of rule 1.




Plan execution: step 2

0
(AC)
1 ::)Ir:ear(A) 1 pUtdown (A)
handempty | unstack(A,C) P&D' holdlng(A)
2 2
putdown(A) A: ontable(A), clear(A), handempty
3 3
pickup(B)
4 4
stack(B,C)
5 5
pickup(A)
6
6 stack(A,B)
7

ontable(C) holding(A)
ontable(B) clear(C)

clear(B) Out of all predicates remained down
look for those in the P&D list of rule 2.




Plan execution: step 2

0
on(A,C)
clear(A) 1 pUtdown(A)
handempty | unstack(A,C) P&D: h0|d|ng(A)

. 2
holdinglA) | 1 idown(A) A: ontable(A), clear(A), handempty
3
pickup(B)
4
stack(B,C)
5
pickup(A)
6
stack(A,B)

ontable(C) clear(C)
ontable(B)
clear(B)

... and bring them up in the line
of rule 2.




Plan execution: step 2

0

on(A,C)

el 1 putdown(A)

handempty | unstack(A,C) P& D: h Old | ng(A)

. 2
noldinelA) 1 butdown(a) A: ontable(A), clear(A), handempty
3
pickup(B)
4
stack(B,C)
5
pickup(A)
6
stack(A,B)

ontable(C) clear(C) ontable(A)
ontable(B) clear(A)

clear(B)

handempty

Colect here all predicates of list
A of rule 2.




Plan execution: step 3

0
(AC) '
1 2Ir:ear(A) 1 pICkUp(B)
hand
andempty | unstack(A,C) P&D Ontable(B)’ Clea r(B), handem pty
2 . 2 H
holding(A) putdown(A) A: hOld'ng(B)
3 3
pickup(B)
4 4
stack(B,C)
5 5
pickup(A)
6
6 stack(A,B)
7

ontable(C) clear(C) ontable(A) . A
ontable(B) clear(A) Out of all predicates remained

clear(8) handempty down look for those in the P&D
list of rule 3.




Plan execution: step 3

0
on(A,C) [
clear(A) 1 pICkup(B)
hand
andempty | unstack(A,C) P&D Ontable(B)’ Clear(B), handem pty
. 2 1
holding(A) |2 A A: holding(B)
ontable(B) 3
clear(B) handempty pickup(B)
4
stack(B,C)
5
pickup(A)
6
stack(A,B)

= =

ontable(C) clear(C) ontable(A)
clear(A)

... and bring them up in the line
of rule 3




Plan execution: step 3

0
on(A,C) [
clear(A) 1 pICkup(B)
hand
andempty | unstack(A,C) P&D Ontable(B)’ Clear(B), handempty
. 2 1
holding(A) |2 A A: holding(B)
ontable(B) 3
clear(B) handempty pickup(B)
4
stack(B,C)
5
pickup(A)
6
stack(A,B)

S

ontable(C) clear(C) ontable(A) holding(B)
clear(A)

Collect list A predicates of rule 3.



Plan execution: step 4

0
on(A,C)
clear(A) 1
handempty | unstack(A,C)
holding(A) 2
putdown(A)
ontable(B)
clear(B) handempty

3
pickup(B)

stack(B,C)
P&D: holding(B), clear(C)
A: on(B,C), handempty, clear(B)

4
stack(B,C)

5
pickup(A)

6
stack(A,B)

ontable(C)

clear(C)

ontable(A)
clear(A)

holding(B)

Look down for predicates of the

P&D list of rule 4.



Plan execution: step 4

0
on(A,C)
clear(A) 1 StaCk(B’C)
hand 1
andempty | unstack(A,C) P&D: holding(B), clear(C)
. 2
holding(A) | sown(A) A: on(B,C), handempty, clear(B)
ontable(B)
clear(B) handempty pickl?p(B)
: 4
clear(C) holding(B) stack(B.C)
5
pickup(A)
6
stack(A,B)
ontable(C) ontable(A)
clear(A)

... and bring them up in the line
of rule 4




Plan execution: step 4

0
on(A,C)
T 1 stack(B,C)
hand i
andempty | unstack(A,C) P&D: hoIdmg(B), Clear(C)
. 2
holding(A) | sown(A) A: on(B,C), handempty, clear(B)
ontable(B)
clear(B) handempty piCku3p(B)
clear(C) holding(B) staclf(B,C)
5
pickup(A)
6
stack(A,B)
ontable(C) ontable(A) on(B,C)
clear(A) handempty

clear(B)

Collect here down all list A

predicates of rule 4.



Plan execution: step 5

0
on(A,C) [
1 clear(A) 1 pICkup(A)
hand
andempty | unstack(A,C) P&D Ontable(A)’ Clear(A), handempty
2 . 2 1
nolding(A) | oA A: holding(A)
ontable(B)
3 | clear(B) handempty pickl?p(B)
) 4
4 clear(C) holding(B) stack(B.C)
: 5
pickup(A)
6
6 stack(A,B)
7

ontable(C) ontable(A) on(B,C)
clear(A) handempty
clear(B)

Look down for predicates

of the P&D list of rule 5.



Plan execution: step 5

0
on(A,C) [
clear(A) 1 pICkup(A)
hand t
andempty | unstack(A,C) P&D- Ontable(A)’ Clear(A)’ handempty
. 2 1
nolding(A) | oA A: holding(A)
ontable(B)
clear(B) handempty pickl?p(B)
) 4
clear(C) holding(B) stack(B,C)
ontable(A)
clear(A) handempty pickL?p(A)
6
stack(A,B)
ontable(C) on(B,C)
clear(B)

... and bring them up
in the line og rule 5.




Plan execution: step 5

0
on(A,C) [
clear(A) 1 pICkup(A)
hand t
andempty | unstack(A,C) P&D- Ontable(A)’ Clear(A), handempty
. 2 1
holding(A) |2 A A: holding(A)
ontable(B) 3
|
clear(B) handempty pickup(B)
) 4
clear(C) holding®) | gtack(®.0)
ontable(A) 5
clear(A) handempty pickup(A)
6
stack(A,B)
ontable(C) @il H/C] holding(A)
clear(B)

Collect down all list A

predicates of rule 5.



stack(A,B)

Plan execution: step 6

P&D: holding(A), clear(B)
A: on(A,B), handempty, clear(A)

0
on(A,C)
clear(A) 1
handempty | unstack(A,C)
holding(A) 2
putdown(A)
ontable(B)
clear(B) handempty ) 3
pickup(B)
clear(C) holding(B) 4
stack(B,C)
ontable(A)
clear(A) handempty

5
pickup(A)

6
stack(A,B)

on(B,C)
clear(B)

holding(A)

Look down for predicate

of the P&D list of rule 6.



Plan execution: step 6

0
on(A,C)
clear(A) 1 StaCk(A’B)
handempt i
andempty | unstack(A,C) P&D: hold“’]g(A), Clear(B)
. 2
holding(A) | iown(A) A: on(A,B), handempty, clear(A)
ontable(B)
clear(B) handempty pickl?p(B)
clear(C) holding(B) stacljr(B,C)
ontable(A)
clear(A) handempty pickl?p(A)
clear(B) holding(A) e
stack(A,B)
ontable(C) on{(8,C)

... and bring them up in
the line of rule 6.




Plan execution: step 6

0
on(A,C)
clear(A) 1 StaCk(A’B)
hand t .
andempty | unstack(A,C) P&D h0|d|ng(A)’ CIear(B)
. 2
noldinglA) putdown(A) A: on(A,B), handempty’ Clear(A)
ontable(B)
clear(B) handempty pickl?p(B)
. 4
clear(C) holding(B) stack(B,C)
ontable(A) 5
clear(A) handempty pickup(A)
) 6
clear(B) holding(A) stack(A,B)
Collect down all
list A predicates
- of rule 6.
ontable(C) el panden
handempty

clear(A)



Plan execution: catching up

0
on(A,C)
clear(A) 1
handempty | unstack(A,C)
holding(A) 2
putdown(A)
ontable(B)
clear(B) handempty ) 3
pickup(B)
clear(C) holding(B) 4
stack(B,C)
ontable(A)
clear(A) handempty ) S
pickup(A)
clear(B) holding(A)

6

stack(A,B)

Collect on the last row all

remained predicates.

=

ontable(C)

=

on(B,C)

=

on(A,B)
handempty
clear(A)



Plan execution: catching up

Collect on the last row all
remained predicates.

0
on(A,C)
clear(A) 1
handempty | unstack(A,C)
holding(A) 2
putdown(A)
ontable(B)
clear(B) handempty ) 3
pickup(B)
: 4
clear(C holding(B
© 88 | stack(®.0)
ontable(A)
clear(A) handempty . 5
pickup(A)
clear(B) holding(A) 6
stack(A,B)
on(A,B)
ontable(C) on(B,C) handempty
clear(A)

=

=

=




~

Plan execution: catching up

0
on(A,C)
clear(A) 1
handempty | unstack(A,C)
holding(A) 2
putdown(A)
ontable(B)
clear(B) handempty ) 3
pickup(B)
: 4
clear(C holding(B
© 88 | stack(®.0)
ontable(A)
clear(A) handempty . 5
pickup(A)
clear(B) holding(A) 6
stack(A,B)
on(A,B)
ontable(C) on(B,C) handempty
clear(A)

The final

state.




initial state

Accident!

1: unstack(A,C)

ACCIDENT: after step 4 the
hand demolishes the stack!

2: putdown(A)

3: pickup(B)
4: stack(B,C)




initial state

Accident!

Description of the state following
the accident

ontable(C)

ontable(B)

ontable(A)

handempty

clear(C)

2: putdown(A) clear(B)
clear(A)

1: unstack(A,C)

3: pickup(B)
4: stack(B,C)




initial state

1: unstack(A,C)

2: putdown(A)

3: pickup(B)

4: stack(B,C)

Accident!

Description of the state following
the accident:

ontable(C)

ontable(B)

ontable(A)

handempty

clear(C)

clear(B)

clear(A)




Kernel of order 7

0
on(A,C) Look for the first
clear(A) 1
handempty | unstack(A,C) kernel that
. 9 corresponds to the
holding(A) .
putdown(A) state following the
ontable(B) .
clear(B) handempty 3 aCCIdent'
pickup(B)
clear(C) holding(B) stacl‘(‘(B,C)
ontable(A) 5
hand
clear(A) andempty pickup(A)
clear(B) holding(A) stack(A,B) N O
on(A,B)
ontable(C) on(B,C) handempty
clear(A)




Kernel of order 6

0
on(A,C) Look for the first
clear(A) 1
handempty | unstack(A,C) kernel that
. 9 corresponds to the
holding(A) .
putdown(A) state following the
ontable(B) .
clear(B) handempty 3 aCCIdent'
pickup(B)
clear(C) holding(B) stacl‘(‘(B,C)
ontable(A) 5
hand
clear(A) andempty pickup(A)
clear(B) holding(A) 6 N O
stack(A,B)
on(A,B)
ontable(C) on(B,C) handempty
clear(A)




Kernel or order 5

0
on(A,C)
clear(A) 1
handempty | unstack(A,C)
holding(A) 2
putdown(A)
ontable(B)
clear(B) handempty ) 3
pickup(B)
. 4
clear(C holding(B
© 88 | stack(®.0)
ontable(A)
clear(A) handempty . 5
pickup(A)
clear(B) holding(A) 6
stack(A,B)
on(A,B)
ontable(C) on(B,C) handempty
clear(A)

NO



Kernel of order 4

0
on(A,Q) Look for the first
clear(A) 1
handempty | unstack(A,C) kernel that
. 9 corresponds to the
holding(A) .
putdown(A) state following the
ontable(B) .
clear(B) handempty 3 aCCIdent'
pickup(B)
clear(C) holding(B) Stacl‘(‘(B,C)
ontable(A) 5
hand
clear(A) andempty pickup(A)
. 6
clear(B) holding(A) stack(A,B) N O
on(A,B)
ontable(C) on(B,C) handempty

clear(A)




Kernel of order 3

0
on(A,C) If the state following
clear(A) 1 i
handempty | unstack(A,C) the accident
. 2 corresponds with the
holding(A)
putdown(A) order k kernel = go
ontable(B) .
clear(B) handempty on Wlth Step k
pickup(B)
. 4
clear(C) holding(B) stack(B.C)
ontable(A) 5
hand
clear(A) andempty pickup(A)
. 6
clear(B) holding(A) stack(A,B) Y E S
on(A,B)
ontable(C) on(8,C) handempty

clear(A)




initial state

1: unstack(A,C)

2: putdown(A)

3: pickup(B)

4: stack(B,C)

Accident!

Description of the state following
the accident:

ontable(C)

ontable(B)

ontable(A)

handempty

clear(C)

clear(B)

clear(A)




Conclusion:
what to do after an accident?

 |f the state following the accident:

— is among the set of kernels => go on with the
execution from there on!

— is not among the set of kernels => build a new
plan in which the initial state is this accident state!

=> execute the plan!



