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ARCHITECTURE OF A PLANNER

Goal State of Env. Possible Actions

Plan
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Go To Pet Store

Go To School

Start

Go To Supermarket

|

\Go To Sleep

.
Read A Book

>
Sit in Chair

'
Etc. Etc. ...

>

JBs

Talk to Parrot
—>

Buy a Dog

-

Go To Class

|

Buy Tuna Fish

Buy Arugula

Buy Milk

Sit Some More
>

\Read A Book

Finish

After-the-fact (s & g0 3T 9 LASGcns 5 ga8 u g SISL




Prepared by Kazim Fouladi | Fall 2022 | 4% Edition

(ST L gatiway (sdwsliso

TS oad g 1y Ol (s edla glas (& yas

(s 08 Silan ;) gt 6 S

Lo s 4agS 9500 58 sl ol Sy b 55 s

oS dajai ) e Wl S Ss

iead 533 Lo S8 a8y slss Jilue ST

L 5 >0 slaguas

Relevant Actions

con Sy 9 s
Good Heuristic Function

Een G e

Problem Decomposition



Prepared by Kazim Fouladi | Fall 2022 | 4% Edition

(gm0 g
(ST L gatiway (sdwsliso
Sl a5 00l (5557 b Jale (5150 45T
Laculla 5 LAGESS (s Jolas 4 3L Loy pe slaiis
L3S e 8 gaae | adla S o LT g,aS IS0 «S wils slanaT o g Lagsuie 3L < La i< Relevant Actions

N3 o S glars slaSTun 5 ga8 g o9 S

MQJ&.@ML&QM#J&&JJJ&

sl J8e O slia ] ales Sideg 51 Los 3 e

con Sy 9 s
Good Heuristic Function

Een G e

Problem Decomposition




Prepared by Kazim Fouladi | Fall 2022 | 4% Edition

(ST L gatiway (sdwsliso

&
&

SRIT

Planning

ilaie sladles

Silie sladles

L S 595 (2laad b sl

J J‘QM‘ 03 ‘9.;3.“.;
Standard Search

Lasals Hlaaa Ll

CeosleTadls ) sldlog

Lacdls
States

Ly yas

Actions
RV
Goal

Th

Plan




Prepared by Kazim Fouladi | Fall 2022 | 4% Edition

ST e

ol

3yl (s gadiun

(a) Atomic

b st S s

Baa L (0 g3 Bud Guual 1 Sad () gy

SR e

wIU0.0.
OHU..OO

(b) Factored

LA‘LJ.A:\_«AA Jf..slﬁ.a J| LSJ“'SJ'.‘ il | N




VY LG siIgD

SRoT A Ok

PLANNING L ANGUAGE

PDDL

Planning Domain Definition Language
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Table

a0l 5L 5 dgens slapl 4 bae plad 5l

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

Holding(x) armis holding x
ArmEmpty  robot arm is empty

YL U< 3allas LAS 5L sliu 51 FOL slasst
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Clear(A)AClear(C)NOn(A, B)AOnTable( B)ANOnTable(C)NArmEmpty
"%



Prepared by Kazim Fouladi | Fall 2022 | 4% Edition

\v G0 yiig
ST aasla Loyl L)
Lacdla olassl

PDDL: REPRESENTATION OF STATES

PDDL
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State = conjunction of ground and function free atoms
-eg. At(A, B), Clear(C), ...
But not At(A, x) or At(neighbour(A), B)!
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PDDL.: REPRESENTATION OF GOAL

PDDL
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A goal is a particular state

—e.g. OnTable(A) N OnTable(B) A OnTable(C)

<

Rich N\ Famous N\ Miserable satisfies Rich N\ Famous
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ACTIONS

PDDL
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pre-condition

Action
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effect
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PDDL: REPRESENTATION OF ACTIONS
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Name(args)

Effects
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PDDL: REPRESENTATION OF ACTIONS

PDDL
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Action( Name(args),

PR
EFFECT: Effects )

SCOND: Preconditions
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Table

a0l 5L 5 dgens slapl 4 bae plad 5l

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

Holding(x) armis holding x
ArmEmpty  robot arm is empty
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Action(Stack(z,y),

PRECOND: Clear(y) A Holding(x)
EFFECT: —Clear(y) N ~Holding(x) N ArmEmpty A On(x,y))

Clear(y) N Holding(x)

Stack(xz,y)

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

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

State:
Clear(A)AClear(CYNOn(A, B)ANOnTable( B)ANOnT able(C)NArmEmpty
Action:

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

State:
Clear(A)AClear(C)ANOn(A, B)ANOnT able( B)AOnT able(C)\NArmEmpty
Action:

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

Result {z/C}
Clear(A) AN On(A, B) AN 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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At(P4, B)
FIy(P;, A, B) At(Py, A)
ey s P1 A)
<)
FIy(P2, A, B) At(P4, A)
At(P,, B)
At(P4, A)
AP, B) | FvPLAB)
At(P4, B
843 5y (P+. B)
At(P,, B)
At(P1,B) | o |F¥P2AB)
At(P,, A)
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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

Partial-Order Plan:

Start

/N

Left
Sock

|

LeftSockOn

Left
Shoe

LeftShoeOn, RightShoeOn

RightSockOn
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Total-Order Planning

Total-Order Plans:

Right
Sock

|

Right
Shoe

Finish

Start Start Start Start Start Start
Right Right Left Left Right Left
Sock Sock Sock Sock Sock Sock
Y Y Y y Y Y
Left Left Right Right Right Left
Sock Sock Sock Sock Shoe Shoe
Right Left Right Left Left Right
Shoe Shoe Shoe Shoe Sock Sock
Y Y Y y Y Y
Left Right Left Right Left Right
Shoe Shoe Shoe Shoe Shoe Shoe
Finish Finish Finish Finish Finish Finish
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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, Axle) N At(Spare, Boot)
GOAL STATE: At(Spare, Azle)
ACTIONS (definition follows):

— Remove(Spare, Trunk)

— Remove(Flat, Axle)

— PutOn(Spare, Axle)
— LeaveQvernight
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SPARE TIER PROBLEM

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

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

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

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

At(S ,Trunk . s
Start (Spare, Trunk) At(Spare,Axle)|  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(S .G d . s
Start (P ) (Spare,Ground) PutOn(Spare,Axle) t=#—At(Spare,Axle)|  Finish
At(Flat,Axle) ClearAxle

Pick an open precondition At(Spare, Azle)

Only PutOn(Spare, Azxle) achieves that

Add link PutOn(Spare, Azle) A1PreATe) pinish

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

o
&
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SPARE TIER PROBLEM

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

At(Spare, Trunk) At(Spare,Ground ..
Start (Sp ) PutOn(Spare,Axle) —- At(Spare,Axle)|  Finish
At(Flat,Axle) ClearAxle

Pick an open precondition At(Spare, Ground)
Only Remove(Spare, Trunk) achieves that
Add link Remove(Spare, Trunk) 1PeeSromd) pyrOn(Spare, Axle)

* 0
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SPARE TIER PROBLEM
At(Spare, Trunk)| Remove(Spare, Trunk) \
At(S , Trunk . -
Start (Spare,Trunk) At(Spare,Ground) PutOn(Spare,Axle) —p At(Spare,Axle)| Finish
At(Flat,Axle) ClearAxle
ClearAxle
—1At(Flat,Ground)

LeaveOvernight

—1At(Spare,Axle)
—1At(Spare,Ground)
—1At(Spare, Trunk)

Pick an open precondition C'lear Axle

E.g. LeaveOvernight can achieve that

At(Spare,Ground)

CONFLICT: Remove(Spare, T'runk) ks

Add constraint LeaveOuvernight < Remove(Spare, T'runk)

shift LeaveOuvernight further left

L]
’U};b/

PutOn(Spare, Azle)
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SPARE TIER PROBLEM

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

At(Spare, Trunk) At(Spare,Ground . .
Start (op ) PutOn(Spare,Axle) —#At(Spare,Axle)] Finish
At(Flat,Axle) ClearAxle

Undo ...

* 0
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SPARE TIER PROBLEM

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

At(Spare, Trunk) At(Spare,Ground . .
Start (op ) PutOn(Spare,Axle) #At(Spare,Axle)] Finish
At(Flat,Axle) ClearAxle

/

At(Flat,Axle) | Remove(Flat,Axle)

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

Finish the search

* 0
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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
Sneeds € SELECT-SUBGOAL( plan)
CHOOSE-OPERATOR( plan, operators, Speed, ¢)
RESOLVE-THREATS( plan)

end

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

pick a plan step Sccq from STEPS( plan)
with a precondition ¢ that has not been achieved
return S,..q, ¢




Prepared by Kazim Fouladi | Fall 2022 | 4% Edition

YA G0 yiig
> S8 STk
(Y 3 \‘) Sk

PARTIAL-ORDER PLANNING

procedure CHOOSE-OPERATOR(plan, operators, Syeed, €)

choose a step S,4y from operators or STEPS( plan) that has ¢ as an effect
if there is no such step then fail
add the causal link S,q0 —% Sheeq to LINKS( plan)
add the ordering constraint S,3; < Speeq to ORDERINGS( plan)
if S,4q is a newly added step from operators then
add S,4q4 to STEPS( plan)
add Start < S,uq < Finish to ORDERINGS( plan)

procedure RESOLVE-THREATS(plan)

for each Sy, .. that threatens a link S; —< S} in LINKS( plan) do
choose either
Demotion: Add Sipreqr < S; to ORDERINGS( plan)
Promotion: Add S; < Siprear to ORDERINGS( plan)
if not CONSISTENT( plan) then fail
end

o
&
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Stuart Russell and Peter Norvig,

Artificial Intelligence: A Modern Approach,

4th Edition, Prentice Hall, 2020.

Chapter 11

—

— ciwTeR

Classical planning

PDDL

State

AUTOMATED PLANNING

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

Planning a course of action is a key requirement for an intelligent agent. The right represen-
tation for actions and states and the right algorithms can make this easier. In Section 11.1
we introduce a general factored representation language for planning problems that can nat-
urally and succinctly represent a wide variety of domains, can efficiently scale up to large
problems, and does not require ad hoc heuristics for a new domain. Section 11.4 extends the
representation language to allow for hierarchical actions, allowing us to tackle more complex
problems. We cover efficient algorithms for planning in Section 11.2, and heuristics for them
in Section 11.3. In Section 11.5 we account for partially observable and nondeterministic
domains, and in Section 11.6 we extend the language once again to cover scheduling prob-
lems with resource constraints. This gets us closer to planners that are used in the real world
for planning and scheduling the operations of spacecraft, factories, and military campaigns.
Section 11.7 analyzes the effectiveness of these techniques.

11.1 Definition of Classical Planning

Classical planning is defined as the task of finding a sequence of actions to accomplish a
goal in a discrete, deterministic, static, fully observable environment. We have seen two ap-
proaches to this task: the problem-solving agent of Chapter 3 and the hybrid propositional
logical agent of Chapter 7. Both share two limitations. First, they both require ad hoc heuris-
tics for each new domain: a heuristic evaluation function for search, and hand-written code
for the hybrid wumpus agent. Second, they both need to explicitly represent an exponentially
large state space. For example, in the propositional logic model of the wumpus world, the
axiom for moving a step forward had to be repeated for all four agent orientations, T time
steps, and n? current locations.

In response to these limitations, planning researchers have invested in a factored repre-
sentation using a family of languages called PDDL., the Planning Domain Definition Lan-
guage (Ghallab er al., 1998), which allows us to express all 47n* actions with a single action
schema, and does not need domain-specific knowledge. Basic PDDL can handle classical
planning domains, and extensions can handle non-classical domains that are continuous, par-
tially observable, concurrent, and multi-agent. The syntax of PDDL is based on Lisp, but we
will translate it into a form that matches the notation used in this book.

In PDDL, a state is represented as a conjunction of ground atomic fluents. Recall that
“ground” means no variables, “fluent” means an aspect of the world that changes over time,




