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Outline

ÅWhat is a State

ÅWhat is an Action

ÅWhat is a Goal

ÅWhat is a Plan

ÅFinding a Plan
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The Blocks World

ÅObjects

ïBlocks: A, B, C

ïTable: Table

ÅStates

ïConjunctions of ground literals

ïOn(A, B), On(C, Table), Clear(B), Handempty, Holding(C)

ÅActions

ïOperator schemas with variables

ïPickup(x), Putdown(x, y)

ÅDomain Axioms

ïñAt most one block on top of anotherò

ïñHand must be empty and block must be clear to pick it upò



Planning, Execution & Learning: Repr & Search Simmons & Veloso : Fall 20104

What is a State?

ÅComplete Description of the World

ïInstantiation of all state variables

ïTruth assignments for all propositions

ÅCompact Representations of Sets of States

ïSet of ground literals

ÅOn(A, B), On(C, Table), Clear(B), Handempty, Holding(C)

ïLogical formulae

Å" x: Block   ×On(x, x, s)

ïProbability distribution

ÅFocus:

ïMainly on discrete(finite) state representations

ïProgressively more expressiverepresentations



Planning, Execution & Learning: Repr & Search Simmons & Veloso : Fall 20105

Blocks World State Description

A-on-B

A-on-Table

B-on-A

B-on-Table

24 possible states

A-on-x {Å, table, B}

B-on-x {Å, table, A}

32 possible states

×A-on-B Ø×A-on-Table

×B-on-A Ø×B-on-Table

×Holding-A Ø×Holding-B

×B-on-A

×A-on-B

Holding-A

Holding-B

Handempty

Clear-A

Clear-B

What about 3 blocks??
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State Space

ÅCollection of States

ïPossible ïdefined by state variables

ïLegal ïdefined by domain axioms

ïReachableïdefined by initial state & actions
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State-Space Search I
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State-Space Search II

ÅInitial: A-on-x = Table; B-on-x = A; C-on-x = Table

ÅGoal:  A-on-x = B
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What is an Action?

ÅTransition From One (Partial) State to Another

ïMay be applicable only in particular states

ïHave given effects on state

ÅDeterministic: tdet: S x A ­ S

ÅNon-deterministic: tnon-det: S x A ­ 2S

ÅProbabilistic: tprob: S x A ­ <2S, r>
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Representing an Action I

ÅExplicit Transition Matrix
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

111 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 II

Å Logic / Situation Calculus

ï Add State Variables to Each Predicate

Clear(x, s), Handempty(s)

ïDefine Domain Axioms

" x, s Clear(x, s) Ú ×$y On(y, x, s)

" x, y, z : Block   On(y, x, s) ØOn(z, x, s) Ú y = z

" x: Block   ×On(x, x, s)

ï Do Operator Maps to State Resulting from Performing Actions

Holding(x, Do(Pickup(x), s))

ï Actions are State Mappings with Preconditions and Effects

Handempty(s) ØClear(x, s)Øa=Pickup(x)Ý

Holding(x, Do(a, s))Ø(" y On(x, y, s) Ý×On(x, y, Do(a, s)))

ïRepresent Initial and Goal States

On(B, A, S0) ØOn(A, Table, S0) ØOn(C, Table, S0) ØClear(C, S0)

$s On(C, A, s)ØOn(B, Table, s)
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Representing an Action III

Å Explicit action representation

ï{ preconds(a), effectsï(a), effects+(a)}

ïeffectsï(a) Æeffects+(a) = Å

ï t(S, a) = {Sïeffectsï(a) Çeffects+(a)}, where SÍ2s

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)

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 ̧ c

Add: Handempty, On(b, c)

Delete: Holding(b), Clear(c)
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Planning Liz Gilbertôs Life

Eat(person)

Pre: Enlightened(person), 

Vigorous(person), Mystical

Add: Satiated(person)

Delete: Vigorous(person), Mystical 

Love(person1, person2)

Pre: Satiated(person1),  

Enlightened(person2),

person1 ̧ person2

Add: Mystical,

Involved(person1, person2)

Delete: Satiated(person1),  

Enlightened(person2)

Pray(person)

Pre: Satiated(person)

Add: Vigorous(person), Mystical

Delete: Satiated(person)

Teach(person1, person2)

Pre: Enlightened(person1), Mystical, 

Involved(person1, person2)

Add: Satiated(person1),

Enlightened(person2)

Delete: Involved(person1, person2), 

Mystical

Initial: Involved(Ketut, Liz), Vigorous(Liz), Vigorous(Felipe), 

Satiated(Ketut), Satiated(Felipe), Mystical 

Goal: Vigorous(Ketut), Involved(Liz, Felipe)



Planning, Execution & Learning: Repr & Search Simmons & Veloso : Fall 201014

The Frame Problem

ÅMust Explicitly Declare What Does NotChange as a Result of 

Doing Actions

ÅFrame Axioms

On(x, y, s) Øa P̧ickup(x)Ý On(x, y, Do(a, s))

×On(x, y, s) Øa P̧utdown(x, y)Ý×On(x, y, Do(a, s))

Holding(x, s) Øa ̧ Putdown(x, y)Øa ̧ DropÝ Holding(x, Do(a, s))

×Holding(x, s) Øa P̧ickup(x)Ý×Holding(x, Do(a, s))

ÅWriting Frame Axioms is Tedious, Error Prone and Inefficient

ïTwo axioms for each predicate

ïLength of axioms proportional to number of actions

ïNo computationally tractable FOL frame axioms
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STRIPS-Assumption

ÅImplicit Solution to Frame Problem

ïStateis database of ground literals

ïIf literal is not in database, assumed to be false

ïEffects of actions represented using addand deletelists 

(insert and remove literals from database)

ïNo explicit representation of time

ïNo 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)
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More Realistic Action Representations I

ÅConditional 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)

ÅQuantified Effects
Move (o, x)

Pre: At(o, y), At(Robot, y)

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

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

ÅDisjunctive 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 II

ÅThese extensions make the planning problem 

significantly harder

ÅInference Operators / Axioms

Clear(x)  iff  forall(Block(y))[ Not[On(y, x)]]

ÅFunctional Effects

Move (o, x)

Pre: At(o, y), At(Robot, y), Fuel(f), f ÓFuel_Needed(y, x)

Add: At(o, x), At(robot, x), Fuel(f ïFuel_Needed(y, x)),

forall (Object(u)) [ if (In(u, o)) then At(u, y)]

Delete: At(o, y), At(Robot, y), Fuel(f), 

forall (Object(u)) [ if (In(u, o)) then At(u, y)]
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More Realistic Action Representations III

ÅThese extensions make the problem even harder still

ÅDisjunctive 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: 

ÅProbabilistic Effects

ïAdd probabilities to contexts of disjunctive effects

ÅOther Extensions

ïExternal events ƄSensing actions

ïConcurrent events ƄActions with duration
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What is a Goal?

ÅGoal State

ïCompletely specified

ÅGoal Statement

ïPartially specified state

ÅPreference Model

ïObjective function

ïDefines ñgoodò or ñoptimalò plan
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Preference Models
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Deterministic Domains

Probabilistic DomainsAchieve the Goal

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



Planning, Execution & Learning: Repr & Search Simmons & Veloso : Fall 201021

What is a Plan?

ÅSequenceof Instantiated Actions

ÅSetof Instantiated Actions

ÅTreeof Instantiated Actions

ÅPolicy

ïMapping from states to actions
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