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ARCHITECTURE OF A PLANNER

Goal State of Env. Possible Actions
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Talk to Parrot I:I

Go To Pet Store Buy a Dog I:I

Go To School Go To Class :I

Start Go To Supermarket .

[ ]
Go To Sleep :I
[ ]
[ ]
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Buy Tuna Fish

\i

Read A Book

\i

b ]
Sit in Chair

Sit Some More
Etc. Etc. ... o \Read A Book I:I
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PLANNING LANGUAGE

PDDL

Planning Domain Definition Language
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Table
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On(x,y) obj = on top of obj y
OnTable(x) obj x is on the table
Clear(x) nothing is on top of obj x

Holding(x) arm is holding x
ArmEmpty  robot arm is empty
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Clear(A)AClear(CYAOn(A, B)AOnT able( B)ANOnT able(C)ANArm Empty
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PDDL: REPRESENTATION OF STATES

PDDL
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State = conjunction of ground and function free atoms
—e.g. At(A, B), Clear(C), ...
But not At(A, x) or At(neighbour(A), B)!

By slada 9o 8
Closed-World Assumption
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PDDL: REPRESENTATION OF GOAL

PDDL
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A goal is a particular state

—e.g. OnTable(A) AN OnTable(B) A OnTable(C)
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Rich A\ Famous N\ Miserable satisfies Rich N\ Famous
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PDDL: REPRESENTATION OF ACTIONS

PDDL
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PDDL.: REPRESENTATION OF ACTIONS

PDDL
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Preconditions

Name(args)

Effects
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PDDL: REPRESENTATION OF ACTIONS

PDDL
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Action( Name(args),
PRECOND: Preconditions
EFFECT: Effects )
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OIe “ /-\ Jl>
S - Als]c e
Table

taaola Sl s Jseae slapl G luas olai sl )

On(x,y) obj = on top of obj y
OnTable(x) obj x is on the table
Clear(x) nothing is on top of obj x

Holding(x) arm is holding x
ArmEmpty  robot arm is empty
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Action(Stack(z,y),
PRECOND: Clear(y) A Holding(x)
EFFECT: —~Clear(y) A —~Holding(x) N ArmEmpty A On(zx,y))

Clear(y) A Holding(x)

Stack(x,y)

—Clear(y) AN =Holding(x) N ArmEmpty A On(x,y)
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UnStack(x,y) Jws
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Action(UnStack(x,y),
PRECOND: On(x,y) A Clear(x) A ArmEmpty
EFFECT: —On(x,y) A ~“ArmEmpty A\ ~Clear(z)
A Holding(x) A\ Clear(y))

Stack and UnStack are inverses of one-another.
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Pickup(z) Lz
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Action( Pickup(x),
PRECOND: Clear(xz) A OnTable(x) AN ArmEmpty
EFFECT: —Clear(x) A —OnTable(x) N ~ArmEmpty A Holding(x))
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PutDown(x) <
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Action(Put Down(x),
PRECOND: Holding(x)
EFFECT: —Holding(x) A OnTable(x) A Clear(x) A ArmEmpty)
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APPLICABILITY OF ACTIONS
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APPLICABILITY OF ACTIONS

State:
Clear(A)AClear(CYNOn(A, B)AOnT able( B)NOnT able(C')\NArmEmpty
Action:

Action(Pickup(x),
PRECOND: Clear(x) A OnTable(x) A ArmEmpty
EFFECT: —Clear(x) A —=OnTable(x) N ~ArmEmpty A Holding(x))

Instantiation, {z/C'}

Action( Pickup(C'),
PRECOND: Clear(C') A OnTable(C) N ArmEmpty
EFFECT: —Clear(C)A—=OnTable(C)N—ArmEmpty A\ Holding(C))
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EFFECT OF ACTIONS
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EFFECT OF ACTIONS

State:
Clear(A)AClear(C)AOn(A, B)AOnTable( B)AOnT able(C)ANArmEmpty
Action:

Action( Pickup(x),
PRECOND: Clear(x) A OnTable(x) AN ArmEmpty
EFFECT: —Clear(X)A-OnTable(x) N—~ArmEmpty A Holding(x)))

Result {z/C'}:
Clear(A) AN On(A, B) A OnTable(B) A Holding(C')
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PLANNING AS STATE-SPACE SEARCH
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Regressive (Backward) Planner Progressive (Forward) Planner
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Clear(B), Clear(C),
OnTable(B), OnTable(C)
Holding(A)

Clear(A), Clear(C),
OnTable(B), OnTable(C)
ArmEmpty

On(A, B)
Clear(A)
OnTable(B)
Holding(C)
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Partial-Order Planning Total-Order Planning
Partial-Order Plan: Total-Order Plans:
Start Start Start Start Start Start Start
/ \ Right Right Left Left Right Left
Start Sock Sock Sock Sock Sock Sock
ar Left Right
Sock Sock + * * + + +
Left Left Right Right Right Left
Sock Sock Sock Sock Shoe Shoe
LeftShoeOn, ] RightShoeOn LeftSockOn RightSockOn + + + + + +
. Right Left Right Left Left Right
Left Right
Finish Sioe S;]goe Shoe Shoe Shoe Shoe Sock Sock
Left Right Left Right Left Right
Shoe Shoe Shoe Shoe Shoe Shoe
LeftShoeOn, RightShoeOn + + + + + +
Finish Finish Finish Finish Finish Finish Finish
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Incomplete Plan
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Fartial-Order Planning (POP)
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PARTIAL-ORDER PLANNING
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SPARE TIER PROBLEM

We want to change a flat tire.

INITIAL STATE: At(Flat, Azle) N At(Spare, Boot)
GOAL STATE: At(Spare, Azle)
AcCTIONS (definition follows):

— Remove(Spare, Trunk)

— Remove(Flat, Axle)

— PutOn(Spare, Azle)

— LeaveQuvernight
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SPARE TIER PROBLEM

Action( Remove(Spare, Trunk),
PRECOND: At(Spare, Trunk)
EFFECT: —At(Spare, Trunk) A At(Spare, Ground))

Action(Remove(Flat, Azle),
PRECOND: At(Flat, Axle)
EFFECT: —At(Flat, Axle) A At(Flat, Ground) A Clear Azle)

Action(PutOn(Spare, Azle),
PRECOND: At(Spare, Ground) N\ Clear Azle
EFFECT: —At(Spare, Ground) A ~Clear Axle A At(Spare, Azle))

Action(LeaveQuernight,
PRECOND:
EFFECT: —~At(Spare, Ground)A—At(Spare, Axle) A= At(Spare, Trunk)
A-At(Flat, Ground) A —~At(Flat, Axle) A\ Clear Axle)
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SPARE TIER PROBLEM

At(Spare,Trunk)
Atspare Axie)|_Finish |
At(Flat,Axle)

Initial plan: Start with effects and Finish with preconditions

.0
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SPARE TIER PROBLEM

At(Spare,Trunk) At(Spare,Ground)l PutOn(Spare Axle) i At(Spare,AxIe)

At(Flat,Axle) ClearAxle

Pick an open precondition At(Spare, Azle)
Only PutOn(Spare, Axle) achieves that
Add link PutOn(Spare, Axle) Atloparedzie) Fiwich

Add constraint PutOn(Spare, Axle) < Finish
— PutOn(Spare, Axle) is on the left
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SPARE TIER PROBLEM

At(Spare,Trunk)l Remove(Spare, Trunk) \

At(Spare, Trunk) At(Spare,Ground)
I—»At(Spare,AxIe)
At(FIat,AxIe) | PUtOn(Spare,AXIe)

ClearAxle

Pick an open precondition At(Spare, Ground)
Only Remove(Spare, Trunk) achieves that

Add link Remove(Spare, Trunk) A Epaireuniy PutOn(Spare, Axle)

Prepared by Kazim Fouladi | Spring 2017 | 3 Edition

<
’M’?b/




A TE A 19D
> S 8 ST b
(A 5 F) (S ol glies : Jlio

SPARE TIER PROBLEM

At(Spare,Trunk)| Remove(Spare, Trunk) \

Al(Spare, Trunk) At(Spare,Ground
-m (Sp )| PutOn(Spare,Axle) I‘»At(Spare,Axle)

At(Flat,Axle) ClearAxle

ClearAxle
- —1At(Flat,Ground)
| LeaveOvernight |_|At(Spare,AxIe)
—1At(Spare,Ground)
—1At(Spare, Trunk)

Pick an open precondition C'lear Axle
E.g. LeaveOvernight can achieve that
CONFLICT: Remove(Spare, Trunk) AtSrareGrownd) pyrOn(Spare, Azle)

Add constraint LeaveQuernight < Remove(Spare, Trunk)
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SPARE TIER PROBLEM
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At(Spare,Trunk)| Remove(Spare, Trunk) \

At(Spare,Trunk)
At(Flat,Axle)

Undo ...

At(Spare,Ground
ClearAxle

)| PutOn(Spare,Axle) |—>At(spare,/-\xle)
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SPARE TIER PROBLEM

At(Spare,Trunk)| Remove(Spare, Trunk) \

At Trunk
(Spare, run ) At(Spare,Gl’OLlnd)| Puton(spare,AXIe) I_»At(Spare,AXk%)

At(Flat,Axle) ClearAxle

At(FIat,AxIe)| Remove(Flat,Axle) /

Pick an open precondition C'lear Axle
Another possibility: Remove(F'lat, Axle) can achieve that

Finish the search
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PARTIAL-ORDER PLANNING
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function POP (initial, goal, operators) returns plan

plan <+ MAKE-MINIMAL-PLAN(initial, goal)

loop do
if SOLUTION?( plan) then return plan
Sheeds €< SELECT-SUBGOAL( plan)
CHOOSE-OPERATOR( plan, operators, Syeed, €)
RESOLVE-THREATS( plan)

end

function SELECT-SUBGOAL( plan) returns S,..q, ¢

pick a plan step S,,..q from STEPS( plan)
with a precondition ¢ that has not been achieved
return 5,4, ¢
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PARTIAL-ORDER PLANNING

procedure CHOOSE-OPERATOR(plan, operators, Speed, ¢)

choose a step S,qq from operators or STEPS( plan) that has ¢ as an effect
if there is no such step then fail
add the causal link Syqq —< Speeq to LINKS( plan)
add the ordering constraint S,yq < Specqa to ORDERINGS( plan)
if S,4q is a newly added step from operators then
add S, to STEPS( plan)
add Start < S,uq < Finish to ORDERINGS( plan)

procedure RESOLVE-THREATS(plan)

for each S, that threatens a link S; —< S, in LINKS( plan) do
choose either
Demotion: Add Syrear < S; to ORDERINGS( plan)
Promotion: Add S; < Syprear to ORDERINGS( plan)
if not CONSISTENT( plan) then fail
end
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O CLASSICAL PLANNING

In which we see how an agent can take advantage of the structure of a problem to
construct complex plans of action.

We have defined Al as the study of rational action, which means that planning—devising a
plan of action to achieve one’s goals—is a critical part of AL We have seen two examples
of planning agents so far: the search-based problem-solving agent of Chapter 3 and the hy-
brid logical agent of Chapter 7. In this chapter we introduce a representation for planning
problems that scales up to problems that could not be handled by those earlier approaches.
Section 10.1 develops an expressive yet carefully constrained language for representing
planning problems. Section 10.2 shows how forward and backward search algorithms can
take advantage of this representation, primarily through accurate heuristics that can be derived
automatically from the structure of the representation. (This is analogous to the way in which
effective domain-independent heuristics were constructed for constraint satisfaction problems
in Chapter 6.) Section 10.3 shows how a data structure called the planning graph can make the
search for a plan more efficient. We then describe a few of the other approaches to planning,

Stuart
Russell

Artificial Intelligence

t‘.ld ern £ O 'L-.h and conclude by comparing the various approaches.

o e This chapter covers fully observable, deterministic, static environments with single
I Edition agents. Chapters 11 and 17 cover partially observable, stochastic, dynamic environments
with multiple agents.

10.1 DEFINITION OF CLASSICAL PLANNING

Stuart Russell and Peter Norvig,

Artificial Intelligence: A Modern Approach The problem-solving agent of Chapter 3 can find sequences of actions that result in a goal
d .. . ’ state. But it deals with atomic representations of states and thus needs good domain-specific
3rd Edition, Prentice Hall, 2010. heuristics to perform well. The hybrid propositional logical agent of Chapter 7 can find plans

without domain-specific heuristics because it uses domain-independent heuristics based on
the logical structure of the problem. But it relies on ground (variable-free) propositional
Chapter 10 ‘mference.rwhich means that it may be swxmpf‘d when Lﬁem are many actions and states. For

example, in the wumpus world, the simple action of moving a step forward had to be repeated
for all four agent orientations, T’ time steps, and n? current locations.
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