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Outline

A What is aState
A What is amAction
A What is aGoal

A What is a

A Finding a Plan
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The Blocks World

A Obijects

I Blocks:A, B, C

I Table:Table
A States

I Conjunctions of ground literals

I On(A, B), On(C, Table), Clear(B), Handempty, Holding(C)
A Actions

I Operator schemas with variables

I Pickup(x), Putdown(x, y)

A Domain Axioms
I AAt most one Dblock on top of
I AHaAand must be empty and bl oc
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What is a ‘State?

A Complete Description of the World
I Instantiation of all state variables
I Truth assignments for ghropositions

A Compact Representations of Sets of States

I Set of ground literals

A On(A, B), On(C, Table), Clear(BjfandemptyHolding(C)
I Logical formulae

A " x: Block xOn(x, X, S)
I Probabilitydistribution

A Focus:
I Mainly ondiscrete(finite) state representations
I Progressively morexpressivaepresentations
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Blocks World State Description

A-on-B HoldingA  xA-on-B g xA-on-Table
A-onTable HoldingB  xB-on-A g xB-on-Table
B-on-A Handempty xHolding-A @xHolding-B
B-on-Table ClearA xB-on-A

ClearB xA-on-B

24 possible states

A-onx {A, table, B}
B-onx {A, table, A}

What about 3 blocks??

3° possible states
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State ‘Space

A Collection of States
I Possible T defined by state variables
I defined by domaiaxioms

I Legal

I Reachablé defined by initial state & actions

5.0E+07
4 .5E+07
4.0E+07
3.5E+07
3.0E+07
2.5E+07

Blocks

2.0E+07
1.5E+07
1.0E+07
5.0E+06
0.0E+00

—— Possible
— Legal

I~
Blocks

States

1.0E+08

1.0E+07

1.0E+06

1.0E+05

1.0E+04

1.0E+03

1.0E+02

1.0E+01

1.0E+00

—— Possible

—— Legal

2 3 4 5 6 7
States

Planning, Execution & Learning: Repr & Search

6

Simmons & Veloso : Fall 2010




StateSpace‘Search |
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StateSpace‘Search/l|

A Initial: A-on-x = Table: Bonx = A: C-on-x = Table
A Goal: A-onx =B

0=A; 1= Table; n = blocks + 1
@H (@
@H@
(oad)e—r
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What is an Action?

A Transition From One (Partial) State to Another
I May be applicable only in particular states

I Have given effects on state
A Deterministic: tir SXA- S
ANon-deterministic: t ., ge: S XA- 25
A Probabilistic: o SXA- <25 >

pro
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Representing:.an/Action |

A Explicit TransitionMatrix

011|013| 041| 101 | 102| 110 111 112 | 113| 120 121 | 123 | 141 | 142| 310| 311 | 312| 341 401 | 411| 413| 421

011 1 1 1
013 1 1

041 1 1

101 1 1 1

102 1 1

110 1 1 1

11 | 1 1 1

112 1 1

113 1 1

120 1 1

121 1 1

123 1

141 1 1

142 1

310 1 1

311 | 1 1

312 1

341 1

401 1 1

411 | 1 1

413 1

421 1
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Representing:an/Action /|

A Logic / Situation Calculus

I Add State Variables to Each Predicate
Clear(x, s), Handempty(s)

I Define Domain Axioms
" x, s Clear(x, s} xyn(y, X, S)
"X, Y,z /Block - On(y, x, FOn(z, X, s}) y =z
" x: Block xOn(x, X,S)

I Do Operator Maps to State Resulting from Performing Actions
Holding(x, Do(Pickup(x), s))

I Actions are State Mappings with Preconditions and Effects
Handempty(spClear(x, S)Za:Pickup(x), Y

Holding(x, Do(a, s)d(" y On(x, y, s)Y xOn(x, y, Do(a, s)))

I Represent Initial and Goal States
On(B, A, SOPOn(A, Table, SOPON(C, Table, SOPClear(C, S0)
F5 On(C, A, spOn(B, Table, s)
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Representing:an/Action /Il

A Explicit action representation

I {precond&), effects(a), effects(a)}

i effectd(a) AEeffects(a) =A

i t(S,a)={Si effects (a)C effects(a)}, whereS | 2s

Pickup_from_table(b)
Pre: Block(b), Handempty
Clear(b), On(b, Table)
Add: Holding(b)
Delete: Handempty, On(b, Table)

Pickup_from_block(b, c)

Pre: Block(b), Handempty
Clear(b), On(b, c), Block(c)

Add: Holding(b), Clear(c)
Delete: Handempty, On(b, c)

Planning, Execution & Learning: Repr & Search

Putdown_on_table(b)

Pre: Block(b), Holding(b)

Add: Handempty, On(b, Table)
Delete: Holding(b)

Putdown_on_block(b, c)

Pre: Block(b), Holding(b)
Block(c), Clear(c), b, ¢

Add: Handempty, On(b, c)
Delete: Holding(b), Clear(c)

12 Simmons & Veloso : Fall 2010



P/l an nii

ng'Liviz  Gi

Eat(person)
Pre: Enlightened(person),
Vigorous(person), Mystical
Add: Satiated(person)
Delete: Vigorous(person), Mystical

Love(personl, person2)

Pre: Satiated(personl),
Enlightened(person?2),
personl  person2

Add: Mystical,

Involved(personl, person2)

Delete: Satiated(personl),

Enlightened(person?2)

Pray(person)

Pre: Satiated(person)
Add: Vigorous(person), Mystical
Delete: Satiated(person)

Teach(personl, person2)
Pre: Enlightened(personl), Mystical,
Involved(personl, person2)

Add: Satiated(personl),
Enlightened(person?2)

Delete: Involved(personl, person2),
Mystical

Initial: InvolvedKetut, Liz), Vigorous(Liz), Vigorous(Felipe),
SatiatedKetut), Satiated(Felipe), Mystical
Goalt VigorousKetut), Involved(Liz, Felipe)

Planning, Execution & Learning: Repr & Search
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The Frame Problem

A Must Explicitly Declare What Doesot Change as a Result of
Doing Actions

A Frame Axioms
Oon(x, y, s@a . Pickup(x) Y On(x, y, Do(a, s))
x On(x, y, s@a - Putdown(x, y)Y x On(x, y, Do(a, s))
Holding(x, s)@a . Putdown(x, y)@a . Drop Y Holding(x, Do(a, s))
x Holding(x, s)@a . Pickup(x) Y x Holding(x, Do(a, S))

A Writing Frame Axioms is Tedious, Error Prone and Inefficient
I Two axioms for each predicate
I Length of axioms proportional to number of actions
I No computationally tractable FOL frame axioms
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STRIPSAssumption

A ImpI|C|t Solution to Frame Problem

Stateis database of ground literals
If literal is not in database, assumed tddlee

Effects of actions represented usamp anddeletelists
(insert and remove literals from database)

No explicit representation of time
No logical inference rules

Pickup_from_block(b, c)

Pre: Block(b), Handempty, Clear(b), On(b, c),
Block(c)

Add: Holding(b), Clear(c)

Delete: Handempty, On(b, c)

Planning, Execution & Learning: Repr & Search 15 Simmons & Veloso : Fall 2010



More Realistic Action/Representations |

A Conditional Effects
Pickup (b)
Pre: Block(b), Handempty, Clear(b), On(b, x)

Add: Holding(b)
if (Block(x)) then Clear(x)

Delete: Handempty, On(b, x)
A Quantified Effects

Move (0, X)
Pre: At(o, y), At(Robot, y)

Add: At(o, x), At(Robot, x)
forall (Object(u)) [ if (In(u, 0)) then At(u, y)]

Delete: At(o, y), At(Robot, y), forall (Object(u)) [ if (In(u, 0)) then At(u, y)]

A Disjunctive and Negated Preconditions
Holding(x) Or Not[Lighter Than_Air(x)]

All these extensions can be emulated by adding actions
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More Realistic Action/Representations |

A These extensions make the planning problem
significantly harder

A Inference Operators / Axioms
Clear(x) iff forall(Block(y))[ Not[On(y, X)]]

A Functional Effects
Move (0, X)
Pre: At(o, y), At(Robot, y), Fuel(f), ®Fuel _Needed(y, x)

Add: At(o, x), At(robot, x), Fuel(f Fuel Needed(y, x)),
forall (Object(u)) [ if (In(u, 0)) then At(u, y)]

Delete: At(o, y), At(Robot, y), Fuel(f),
forall (Object(u)) [ if (In(u, 0)) then At(u, y)]
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More Realistic Action’Representations /|

A These extensions make the problem even harder still

A Disjunctive Effects
Pickup_from_block(b)
Pre: Block(b), Handempty, Clear(b), On(b, c), Block(c)
C1: Add: Clear(c), Holding(b);  Delete: On(b, c¢), Handempty
C2: Add: Clear(c), On(b, Table); Delete: On(b, c)
C3: Add: ; Delete:
A Probabilistic Effects

I Add probabilities to contexts of disjunctive effects

A Other Extensions
I External events b Sensing actions
I Concurrent events b Actions with duration
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What is aGoal?

A GoalState
I Completely specified

A GoalStatement
I Partially specified state

A Preference Model
I Objectivefunction
i Defines ngoodo
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Increasing Generality

Preference Models

Deterministic Domains

mhieve the G® Probabilistic Domains
| ™

Achieve the Goal
with Maximal Reward

Maximize Probability of
Goal Achievement

/

Achieve the Goal
with Maximal Expected Reward

Achieve the Goal
with Maximal Expected Utility
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What is a Plan?

of Instantiated Actions

2

A Setof Instantiated Actions S

e

(D)

: . O

A Treeof Instantiated Actions o

D

qv]

(D)

A Policy E
I Mapping from states to actions

v
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