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Domain-specific Representation
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• ! = set of action templates
• Example !:
• head: "#$% &, (,"
• pre: (#) & = (, +,-((,")
• eff: (#) & ← "

• head: 1+2% &, (, )
• pre: )+&3# & = 45(, (#) & = (,(#) ) = (
• eff: )+&3# & ← ), (#) ) ← &

• head: 671 &, (, )
• pre: (#) & = (, (#) ) = &
• eff: )+&3#(&) ← 45(, (#)()) ← (

• Ranges
• ℛ & = 9#:#1; = &1, &2
• ℛ ( = ℛ " = >#); = ,1, ,2, ,3
• ℛ()) = @#41+54%&; = {)1, )2}

• Action +: !"#$%&'%()*%+,-of an 
action template α ∈ !
• Replace each parameter 1 occurring 

in α with a value from ℛ 1
• Example action:
• "#$% &1, ,1, ,2
• pre: (#) &1 = ,1, +,-(,1, ,2)
• eff: (#) &1 ← ,2

• Action space E= all ac;ons we can get from !
= all ground instances of + ∈ !

()

How many move 
actions exist?

d2d1

d3

r1
c1

r2
c2
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Classical Planning Operators
• Operator ! =(ℎ%&'(!), *+%(!), %,,(!))
• *+%(!), %,,(!) are sets of literals

• Action: a ground instance
• Translation from - to !
• Precondition . /0, … , /2 = 3

• *4 /0, … , /2, 3
• Precondition . /0, … , /2 ≠ 3

• ¬*4 /0, … , /2, 3
• Effect . /0, … , /2 ← 38

• *4 /0, … , /2, 38
• If *4 /0, … , /2, 3 ∈ *+%(!) for some 3:
• Add new effect ¬*4 /0, … , /2, 3

• Otherwise
• Add new parameter : to ℎ%&'(!)
• Add new precondition *4 /0, … , /2, :
• Add new effect ¬*4 /0, … , /2, :

• May have twice as many effects and 
parameters as action template
• From operator to template: same number

• Action templates
• head: ;!3% +, <,;

• pre: <!= + = <, &'>(<,;)
• eff: <!= + ← ;

• head: /&?% +, <, =
• pre: =&+@! + = AB<, <!= + = <, <!= = = <
• eff: =&+@! + ← =, <!= = ← +

• head: *:/ +, <, =
• pre: <!= + = <, <!= = = +
• eff: =&+@!(+) ← AB<, <!=(=) ← <

• Classical planning operators
• head: ;!3% +, <,;

• pre: <!= +, < , &'>(<,;)
• eff: ¬<!= +, < , <!= +,;

• head: /&?% +, <, =
• pre:¬<!&'%' + , <!= +, < , <!= =, <
• eff: <!&'%' + , <!= =, + , ¬<!=(=, <)

• head: *:/ +, <, =
• pre: <!= +, < , <!= =, +
• eff:¬<!&'%' + , <!= =, < , ¬<!=(=, +)

26
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! GF"-8&*'H')('8F&'4CC!'1))6
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! !"#$ %&' &!
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! ,00/'. '"( %&' &'"( %&!

! /)0$ %&' &(
! (-,/ . '")*$* %&'"( %&' &'"( ( &'
! ,00/''")*$* %&'"( ( &%&. '"( , ( &' -

! 12/ %&' &(
! (-,/' '"( %&' &'"( ( &%
! ,00/

. '")*$* %&'"( ( &' &. '"( , ( &%-

-.

(define (domain example - domain - 1)
(requirements :negative - preconditions)

(:action move
:parameters (?r ?l ?m)
:precondition (and ( loc ?r ?l) 

( adj ?l ?m))
:effect (and (not ( loc ?r ?l)) 

( loc ?r ?m)))

(:action take
:parameters (?r ?l ?c)
:precondition (and ( loc ?r ?l) 

( loc ?c ?l) 
(not (loaded ?r)))

:effect (and (not ( loc ?r ?l)) 
( loc ?r ?m)))

(:action put
:parameters (?r ?l ?c)
:precondition (and ( loc ?r ?l) 

( loc ?c ?r))
:effect (and ( loc ?c ?l) 

(not ( loc ?c ?r)) 
(not (loaded ?r)))))

/0/( 1)'2'3$+,+42+5
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! !"#$#%&'($%$)'! " #
$%&'(&) *&+, *%&'(&+*&) , *
%&'(&) *&- , *%&'(&- *&) , *
./0 (0) *&) , *./0 (1) *&+,2

! *+%&'($%$)'3 # $./0 (0) *1) , 2

-.

/)/( 01'2'*$3435236

(define (problem example - problem - 1)
(:domain example - domain - 1))

(: init
( adj d1 d2)
( adj d2 d1)

( adj d1 d3)
( adj d3 d1)
( loc c1 d1)
( loc r1 d2)

(:goal ( loc c1 r1)))

,- .-/0/-

/1

,-

.-

3! "
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(define (domain example - domain - 2)
(:requirements 

:negative - preconditions
:typing)

(:types 
location movable - obj - object
robot container - movable - obj )

(:predicates
( loc ?r - movable - obj

?l - location)
(loaded ?r - robot)
(adjacent ?l ?m - location))

01

232(4,'5'6$./.75.8

(:action move
:parameters (?r - robot 

?l ?m - location)
<<as before>>

(:action take
:parameters (?r - robot 

?l - location 
?c - container)

<<as before>>

(:action put
:parameters (?r - robot 

?l - location 
?c - container)

<<as before>>
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01

2,2( 34'5'-$6768569

(define (problem example - problem - 2)
(:domain example - domain - 2))

(:objects 
r1 - robot
c1 - container
loc1 loc2 loc3 - location)

(: init
(adjacent d1 d2)
(adjacent d2 d1)
(adjacent d1 d3)
(adjacent d3 d1)
( loc c1 d1)
( loc r1 d2)

(:goal ( loc c1 r1)))

(define (problem example - problem - 1)
(:domain example - domain - 1))
(: init

( adj d1 d2)
( adj d2 d1)
( adj d1 d3)

( adj d3 d1)
( loc c1 d1)
( loc r1 d2)

(:goal ( loc c1 r1)))
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! 6/1,#'(-/.+=(">+3*#--(3#*+'$,'$-$."#"(/.
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! ?*#..(.4+9/1#(.-2+,*#..(.4+,'/)*$1-
! 5."0,$92+"0,$9
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HHJ
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HML

HKN
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.1$&('*$,.&("),.$*3
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.

#/0$& %$0 10 234556274869
2: %
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! =:--$33"*3";&!
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! I*',-1),2&;'-."*& ";&!
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! !"#$%&%'()#)*&)+,-./"')&0(
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'%&4'#*,-,5.-#,&6,)&7*,-,*".4&)"#
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5"**)8.%,%3%+4&)"#,&'-+%*,:)..,
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! ;%5'%*%#&*,-,+.-**,"2,
$%&%'()#)*&)+,*%-'+0,-./"')&0(*
! <%5%#$*,"#,0":,="4,)(5.%(%#&,

&0%,#"#$%&%'()#)*&)+,+0")+%
! >0)+0,.%-2,#"$%,&",%35-#$,#%3&6,

:0)+0,#"$%*,&",5'4#%
! ?"4#$,84&,#"&,

#%+%**-').=,
+"(5.%&%

,-

Forward - search( ! , s0, g)
s !  s0

! !  "#
loop

if s satisfies g then
return !

A! ! { a $ A | a is applicable in s} 
if A! = % then

return failure
nondeterministically choose a $ A!
s !  &( s, a)
! !  ! . a
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75*#( ! "# +,&+(,&)(&7(&7$#)+5/(
! $"#$ )A+A#$ %#
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! 34$'#-$,#$;%7<(6%''(<:&/&7+##(

+#/?%7&+%57

-.

Deterministic - Search( ! , s0, g)
Frontier !  {( '( , s0)}
Expanded !  )
while Frontier "  ) do

select a node * = ( ! , s) + Frontier ( i )
remove * from Frontier
add * to Expanded
if s satisfies g then 

return !
Children !  

{( ! . a, , ( s, a)) | s satisfies pre ( a)} 
prune 0 or more nodes from 

Children , Frontier , Expanded (ii)
Frontier !  Frontier - Children

return failure

c

h i j

d

a

b

                                                                        

k l me f g
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Breadth-first search 
(BFS)
• (i) select (", $) ∈ '()*+,-( with 

smallest .-*/+ℎ(")
• tie-breaking rule: select oldest

• (ii) remove every (", $) ∈
1ℎ,.2(-* ∪ '()*+,-( s.t. $ is in 
4567*2-2
• thus expand states at most once

• Properties
• Terminates
• Returns solution if one exists
• Shortest, but not least-cost (except if 

shortest=least-cost, e.g., default cost)
• Worst-case complexity:
• Memory 8(|:|)
• Running time 8(;|:|)
where
• ; = max branching factor
• |:| = number of states in :

38

                                                                        

Deterministic - Search( ! , s0, g)
Frontier ← {(⟨⟩, s0)}
Expanded ← ∅
while Frontier ≠ ∅ do

select a node ? = (",s) ∈ Frontier (i)
remove ? from Frontier
add ? to Expanded
if s satisfies g then 

return "
Children ← 

{(".a, @(s,a)) | s satisfies pre(a)} 
prune 0 or more nodes from 

Children, Frontier, Expanded (ii)
Frontier ← Frontier ∪ Children

return failure

APA - Deterministic
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Deterministic - Search( ! , s0, g)
Frontier !  {( ;<, s0)}
Expanded !  =
while Frontier "  = do

select a node > = ( " , s) & Frontier ( i )
remove > from Frontier
add > to Expanded
if s satisfies g then 

return "
Children !  

{( " . a, ?( s, a)) | s satisfies pre ( a)} 
prune 0 or more nodes from 

Children , Frontier , Expanded (ii)
Frontier !  Frontier 5 Children

return failure
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Deterministic - Search( ! , s0, g)
Frontier !  {( >?, s0)}
Expanded !  @
while Frontier "  @ do

select a node A = ( " , s) & Frontier ( i )
remove A from Frontier
add A to Expanded
if s satisfies g then 

return "
Children !  

{( " . a, B( s, a)) | s satisfies pre ( a)} 
prune 0 or more nodes from 

Children , Frontier , Expanded (ii)
Frontier !  Frontier 2 Children

return failure
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Deterministic - Search( ! , s0, g)
Frontier !  {( ;<, s0)}
Expanded !  =
while Frontier "  = do

select a node ! = ( $, s) > Frontier ( i )
remove ! from Frontier
add ! to Expanded
if s satisfies g then 

return $
Children !  

{( $. a, ?( s, a)) | s satisfies pre ( a)} 
prune 0 or more nodes from 

Children , Frontier , Expanded (ii)
Frontier !  Frontier 6 Children

return failure
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Greedy Best-First Search 
(GBFS)
• Find a solution as quickly as 

possible, even if it isn’t optimal
• Select nodes that are likely to be on 

the least-cost path from where you 
are now

• (i) select a node !, # ∈ %&'()*+& that has 
smallest ℎ #
• (ii) same as in A*: for every node - = !, # in /ℎ*01&+(
• if /ℎ*01&+( ∪ %&'()*+& ∪ 3456(1+1

contains more than one node for #
• Then it has multiple paths to #
• Keep only the one with the lowest f-

value
• Tie-breaking rule: keep oldest

• Properties
• Terminates
• Returns a solution if one exists

• Often near-optimal
• Will usually find it quickly

51

Deterministic-Search(Σ,s0,g)
Frontier ← {(⟨⟩, s0)}
Expanded ← ∅
while Frontier ≠ ∅ do

select a node - = (!,s) ∈ Frontier (i)
remove - from Frontier
add - to Expanded
if s satisfies g then 

return !
Children ← 

{(!.a, :(s,a)) | s satisfies pre(a)} 
prune 0 or more nodes from 

Children, Frontier, Expanded (ii)
Frontier ← Frontier ∪ Children

return failure

APA - Deterministic
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Depth-First 
Branch and Bound (DFBB)
• (i) same as DFS
• Select ! = ($, &) ∈ )ℎ+,-./0 that 

has largest ,/012ℎ($)
• Tie-breaking: smallest ℎ/+1ℎ2(&)

• (ii) prune
• Like DFS
• do cycle-checking and prune what 

recursive DFS would discard
• Additional pruning during node 

expansion:
• If 3 ! ≥ 5∗, then discard !

• Properties
• Termination, completeness, 

optimality same as A*
• Usually less memory than A*, but 

more time
• Worst-case like DFS: 
• 7(8,) memory
• 7(89) running time

56

Deterministic - Search( ! , s0, g)
Frontier !  {( ⟨⟩, s0)}
Expanded !  ∅
c* !  "
$* !  failure
while Frontier # ∅ do

select a node ! = ( $, s) ∈ Frontier ( i )
remove ! from Frontier
add ! to Expanded
if s satisfies g then

return $
if s satisfies g and cost( $) < c* then

c* !  cost( $); $* !  $
else if f ( !) < c* then

Children !  {( $.a , =( s, a)) | 
s satisfies pre ( a)} 

prune 0 or more nodes from 
Children , Frontier , Expanded (ii )

Frontier !  Frontier ∪ Children
return failure $*

APA - Deterministic
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IDS( ! , s0, g)
for k = 1 to !  do

C* "  do DFS, backtracking at every
node of depth k

if C* # failure then
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if the search generated 
no nodes of depth k then

return failure
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loop

) * !  do DFS, backtracking whenever 
f ( * ) > c

if ) * "  failure then
return ! *

if DFS didnÕt generate 
an f ( * ) > c then

return failure 
c !  the smallest f ( * ) > c

where backtracking occurred

#'#( ) "*+*,-./.0+.1



Discussion
• If ℎ is admissible, both A* and DFBB will return optimal solutions
• Usually DFBB takes more time, A* takes more memory
• A* better than DFBB in highly connected graphs (many paths to states)
• DFBB can have exponentially worse running time than A*

• DFBB best in problems where " is a tree of uniform height + all solutions at 
the bottom (e.g., constraint satisfaction)
• DFBB and A* have similar running time
• A* takes exponentially more memory than DFBB

• DFS returns the first solution it finds
• Less backtracking than DFBB, but solution can be very far from optimal

• GBFS returns the first solution it finds
• With a good heuristic function, usually near-optimal without much 

backtracking
• Used by most classical planners nowadays
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Heuristic Functions
• Planning problem P in domain Σ
• Creating a heuristic function:
• Weaken some of the constraints that
• restrict what the states, actions, and plans are
• restrict when an action or plan is applicable, what goals it achieves
• increase the costs of actions and plans

• Relaxed planning domain Σ" = $", &", '" and problem (" = Σ", )*" , +"
• for every solution , for (, (" has a solution ," with -.)/" ," ≤ -.)/ ,

• Suppose we have an algorithm & for solving planning problems in Σ"
• Heuristic function ℎ2 ) for (:
• Find a solution ," for Σ", ), +" ; return -.)/ ,"

• If & runs quickly, then ℎ2 may be a useful heuristic function
• If & always finds optimal solutions, then ℎ2 is admissible
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Example from A*

• Relaxation: let vehicle travel in a straight line 
between any pair of cities
• straight-line-distance ≤ distance by road
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Rimnicu	Vilcea

PitesF

71

75

118

151

140

111

70

75
120

146
138

97

80

99

211

85

142

92

87

straight-line dist. 
from s to Bucharest
Arad 366
Bucharest 0
Craiova 160
Dobreta 242
Fagaras 176
Iasi 226
Lugoj 244
Mehadia 241
Neamt 234
Oradea 380
Pitesti 100
Rimnicu Vilcea 193
Sibiu 253
Timisoara 329
Urziceni 80
Vaslui 199
Zerind 374
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Domain-independent Heuristics

• Heuristic functions that can be used work in any classical planning 
problem
• Additive-cost heuristic
• Max-cost heuristic
• Delete-relaxation heuristics
• Optimal relaxed solution
• Fast-forward heuristic

• Landmark heuristics
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In the book, but I’ll skip them
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Delete-Relaxation
• Relaxation: 
• A state variable can have more than 

one value at the same time
• When assigning a new value, keep 

the old one too
• Suppose state ! includes an atom 
" = $, action % has effect " ← '
• () !, % is a relaxed state
• Includes both " = $ and " = '

• Example
• !+ = {-./ 01 = 23, /%04. 01 =
56-, -./ /1 = 21}

• 8.$9 01, 23, 21
• Pre: -./ 01 = 23
• Eff: -./ 01 ← 21

• !̂; = () !+,8.$9 01, 23, 21
= {-./ 01 = 23, -./ 01 = 21,
/%04. 01 = 56-, -./ /1 = 21}
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!"#$%"&'()$)"*

• Relaxed state (or r-state): 
• Set "̂ of ground atoms that includes at least 1 value for each state variable
• Represents {all states that are subsets of "̂}
• Note: every state " is also a relaxed state that represents "

• Examples
• "̂# = {&'( )1 = +1, &'( )1 = +3, (.)/' )1 = 01&, &'( (1 = +1}
• "̂3 = 45 "̂#, 6.78 )1, +1, (1 = {&'( )1 = +1, &'( )1 = +3,
(.)/' )1 = 01& , &'( (1 = )1, &'( (1 = +1, (.)/' )1 = (1}

+,

d2d1

d3

c1

r1

d2d1

d3

c1

r1

"̂3"̂#

-.-' / 0")"12343*)35



R-applicability

• An r-state "̂ r-satisfies a set of literals # if a set " ⊆ "̂ satisfies g 
• Action % is r-applicable in "̂ if "̂ r-satisfies &'( %
• i.e., "̂ contains a subset " that satisfies the preconditions of %
• If % is r-applicable, then )* "̂, % = "̂ ∪ ) ", %

• . = %/,… , %1 is r-applicable in "̂2 if there are r-states 
"̂/, "̂3, … , "̂1 such that
• %/ is r-applicable in "̂2 and )* "̂2, %/ = "̂/
• %3 is r-applicable in "̂/ and )* "̂/, %3 = "̂3
• …
• %1 is r-applicable in "̂14/ and )* "̂14/, %1 = "̂1

• In this case, )* "̂14/, . = "̂1
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!"#$%&'

! ! " # $%&'() # *+ ,
'-(.& () # /0%,%&'') # *) 1

! 2&34 () ,*+ ,*)
! '&()*%&'() # *+
! +,,)*%&'() 5 *)

! 6! 7 # 89 6! 7,2&34 () ,*) , ') #
$%&'() # *) ,%&'() # *+ ,
'-(.& () # /0%,%&'') # *) 1

! :-;4 ( ,%,'
! -&()*'-(.& ( # /0%,%&'( # %,

%&'' # %
! (,, )*'-(.& ( 5 ' ,%&'' 5 (

! 6! < # 89 6! 7, :-;4 () ,*) , ') #
$%&'() # *) ,%&'() # *+ ,
'-(.& () # /0%,%&'') # () ,
%&'') # *) , '-(.& () # ') 1

()

!"!#

!$
&#

%#

!"!#

!$

%#

&#

6! <

6! 7

! "
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Relaxed Solution
• Planning problem ! = Σ, %&, '
• Plan ( is a relaxed solution for ! if )* %̂&, ( r-satisfies '
• Example:
• Initial %& = {-./ 01 = 23, /40'. 01 = 56-, -./ /1 = 21}
• Goal states ' = {-./ 01 = 23, -./ /1 = 01}
• Plan ( = ⟨9.:; 01, 23, 21 , ⟩=4>; 01, /1, 21

• End state )*(%&, () = {-./ 01 = 21, -./ 01 = 23, /40'. 01 =
56-, -./ /1 = 01, -./ /1 = 21, /40'. 01 = /1}
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! !"#$%&'&()'%%"%*&(+,-)$.&! " #$%&$'
! /(0".')&+$)'1$2&3,)40",%5$4+"30"67

! ( ) % 8&."%".4.&6,30&,9&'))&+$)'1$2&3,)40",%3&9,+&!
! :1'.()$7

! ;%"0"')&%& " *+,- ./ " 01$ -2.', ./ " 34+$+,- -/ " 0/ 5
! !,')&30'0$3&' " *+,- ./ " 01$+,- -/ " ./ 5
! 6 " 78,9: ./ $01$0/ $ ;<2=: ./ $-/ $0/

! -,%< 6 " >
! <,&)$33=6,30)>&+$)'1$2&3,)40",%?&3,&( ) %& " >
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+A 6A

'
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6,.('+$&C"05&( ? %D
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! ! " # $%&'() # *+ , '-(.& () #
/0%,%&'') # *) 1

! !"#! " $#%&'#())*+,(-*.#(,%+'"/
! - 2 # 3&45 () ,*+ ,*)

! ! 2 # $%&'() # *) , '-(.& () # /0%,
%&'') # *) 1

! - 6 # 3&45 () ,*+ ,*7
! ! 6 # $%&'() # *7 , '-(.& () #

/0%, %&'') # *) 1

! 0123#.4(*5(%./#89 ! 2 ("6#89 ! 6 $#
("6#,7''/./#%'#8'4.#%'#&7+,7.4.9#+/#
/8(**.9

()

! 2

6:6;

6<

9;
,;

! 6

6:6;

6<

9;
,;

. # $%&'() # *+ ,%&'') # () 1

6<
9; ,;

=7(%#(9.#89 ! 2 ("6#
89 ! 6 ("6#&7.9.#
6'./#0123#8'4.>
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Fast-Forward Heuristic

• Every state is also a relaxed state
• Every solution is also a relaxed solution

• ℎ" # = minimum cost of all relaxed solutions
• Thus ℎ" is admissible
• Problem: computing it is NP-hard

• Fast-Forward Heuristic ℎ$$
• An approximation of ℎ" that is easier to compute
• Upper bound on ℎ"

• Name comes from a planner called Fast Forward
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• !"#$!" %"$&$'"#$()$&*#+(,'$#-&#$&."$./&001+*&%1"$+,$$̂
• 2&,$&0013#-"4$+,$&,3$(.5".$&,5$6"#'&4"$."'71#
• 8")+,"$."'71#$()$&0013+,6$!" +,$̂$ &'

%& $̂, !" = $̂ ∪ *
+∈-.

/00 1

• !"#$$̂" = %& $̂2, !"
• 9700('"$!3 +'$&$'"#$()$&*#+(,'$#-&#$&."$./&001+*&%1"$+,$$̂"
• 8")+,"$%& $̂2, !", !3 = %& $̂", !3
• :::
• 8")+,"$%& $̂2, !", !3, … , !5 +,$#-"$(%;+(7'$<&3

*+

,!,- . /#0#"&%'%)0%1
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! !"#$%&%'"#"'&(%)*(&+*$%,-(./"-#%&#$%)*/.)#%"/,%0-,/
! 1*#*)&/*,%&%,*2.*#0*%-3%,.00*,,"4*(5%(&)6*)%)7,/&/*,%&#$%,*/,%-3%

&88("0&9(*%&0/"-#,%.#/"(%!"# )7,&/",3"*,%$%
!"&' ( ) ' !") ' ( * ' !"* ' + ' ( #, ) ' !"#, ) ' ( # ' !"#

! :+/)&0/%'"#"'&(%)*(&+*$%,-(./"-#%3)-'%/;&/%,*2.*#0*

01

HFF( ! , s, g)
// construct a relaxed solution -A1, A2,É, Ak.:
! 0 !  s
for k = 1; k++; a subset of ! k r - satisfies g do

Ak = {all actions r - applicable in ! kÐ1}
! k = / +( skÐ1, Ak)
if k > 1 and ! k = ! kÐ1 then

return " // thereÕs no solution
// extract minimal relaxed solution -‰1, ‰ 2, É, ‰k.:
" k = g
for i = k down to 1 do

‰i = any minimal subset of Ai such that / +( ! i - 1, ‰i ) r - satisfies " i

" i #1 !  ( " i 0 eff ( ‰i )) 1 pre ( ‰i )
23 !  -‰1,É, ‰k.
return $a is an action in !3

cost ( a) // upper bound on h +

232*%4,$,'5.6.#$./
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! !"#$%&%'"#"'&(%)*(&+*$%,-(./"-#%&#$%)*/.)#%"/,%0-,/
! 1*2"#*%! "" 3%/4*%5&(.*%)*/.)#*$%67%8!!9#$%$&:

! ;*/.)#%5&(.*%",%&'6"<.-.,
! =&04%' ( "#%! "" % ",%&%'"#"'&(%,*/%-2%&0/"-#,%,>/>%) * +%(, - $' ( )?,&/",2"*,%./0 1' (2
! 1*@*#$,%-#%!"#$" '"#"'&(%,.6,*/,%A*%04--,*%

01

HFF( ! , s, g)
// construct a relaxed solution 3A1, A2,É, Ak4:
! 0 !  s
for k = 1; k++; a subset of ! k r - satisfies g do

Ak = {all actions r - applicable in ! kÐ1}
! k = ) +( skÐ1, Ak)
if k > 1 and ! k = ! kÐ1 then

return " // thereÕs no solution
// extract minimal relaxed solution 3‰1, ‰ 2, É, ‰k4:
" k = g
for i = k down to 1 do

‰i = any minimal subset of Ai such that ) +( ! i - 1, ‰i ) r - satisfies " i

" i #1 !  ( " i 5 eff ( ‰i )) 6 pre ( ‰i )
78 !  3‰1,É, ‰k4
return $a is an action in +8

cost ( a) // upper bound on h +

232*%4,$,'5.6.#$./
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!"#$%"&'(#$))*)+',-$./'0!(,1' 2-34' !"# $ "%53'&
063#*&'#*)"6'*)&*7$5"'.-"73)&*5*3)68"22"75619

' % *6$'-"#$%"&63#:5*3)

( ) *"#+' %, -;6$5*62*"6'&

"%$ -./0 12 $ 32+041&/ 12 $ 56.+./0 02 $ 327

&<&=

&>

-=
7=& $ -./0 12 $ 38+./0 02 $ 127

&>
-= 7=

// construct a relaxed solution 9A1, A2,É, Ak::
! 0 !  s
for k = 1; k++; subset of ! k r - satisfies g do

Ak = {all actions r - applicable in ! kÐ1}
! k = ( +( skÐ1, Ak)
if k > 1 and ! k = ! kÐ1 then

return " // thereÕs no solution

?5346'*)' !"# $ "%9
./0 12 $ 32
./0 02 $ 32
041&/ 12 $ 56.

?75*3)6'*)' %9
;/<= *12+32+3>,
;/<= *12+32+38,
?4@=*12+02+32,

?5346'*)' !"%9
./0 12 $ 3>
./0 12 $ 38
./0 02 $ 12
041&/ 12 $ 02
./0 12 $ 32
./0 02 $ 32
041&/ 12 $ 56.

2-34' !"#9
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!"#$%"&'(#$))*)+',-$./'0!(,1' 2-34' !"# $ "%53'&
023##36'#*)"7'2-34'$5347'*)'&8'$##'*2'.-"93)& :;'3)"'*2'"22:1

"%$ ' ()* +, $ -, .*/+&) +, $ 01(.()* *, $ -, 2

&<&=

&>

-=
9=& $ ' ()* +, $ -3 .()* *, $ +, 2

&>
-= 9=

// extract minimal relaxed solution
! k = g
for i = k down to 1 do

‰i = minimal subset of Ai s.t. 4+( " i - 1, ‰i ) r - satisfies ! i

! i ! 1 "  ( ! i 5 eff ( ‰i )) 6 pre ( ‰i )

?5347'*)' !"# $ "%8
()* +, $ - ,
()* *, $ -,
*/+&) +, $ 01(

?95*3)7'*)7%8
8)9: ; +, .-, . -< =
8)9: ; +, .-, . - 3=
>/?: ; +, .*, . - , =

?5347'*)' !"%8
()* +, $ - <
()* +, $ - 3
()* *, $ +,
*/+&) +, $ *,
()* +, $ -,
()* *, $ -,
*/+&) +, $ 01(

2-34' !"#8

! @/ % *7'$'4*)*4$#'-"#$%"&'
73#@5*3)

! A375'32'"$9/'$95*3)'*7'=B'73'
ABB "% $ <

8)9: ; +, .-, . -3 =
>/?: ; +, .*, . -, =

()* +, $ -,
()* *, $ -,
*/+&) +, $ 01(

@/ %
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!"#$ %&'($!"# $ "%)'$&

' ( )' % *+,$&-.,/-0 +'.1)*'2

& $ *+,- ./ $ 01)+,- -/ $ ./ 2

03
&4 54

6)'(+$*2$ !"# $ "%7
+,- ./ $ 03
+,- -/ $ 0/
-4.&, ./ $ 56+

65)*'2+$*2' ( 7
7,89 : ./ )03)01;
7,89 : ./ )03)0/ ;

6)'(+$*2$ !"( 7
+,- ./ $ 01
+,- ./ $ 0/
+,- ./ $ 03
+,- - / $ 0/
-4.&, ./ $ 56+

%&'($!"#7

"%$ *+,- ./ $ 03)-4.&, ./ $ 56+) +,- -/ $ 0/ 2

0804

03

&4
54

65)*'2+$*2' %7
7,89 : ./ )01)03;
7,89 : ./ )0/ )03;
7,89 : ./ )01)0/ ;
7,89 : ./ )0/ )01;
7,89 : ./ )03)0/ ;
7,89 : ./ )03)01;
<4=9: ./ )-/ )0/ ;

6)'(+$*2$ !"%7
+,- ./ $ 03
+,- - / $ 0/
-4.&, ./ $ 56+
+,- ./ $ 0/
+,- . / $ 01
-4.&, ./ $ -/
+,- - / $ . /

%&'($!"(

// construct a relaxed solution >A1, A2,É, Ak?:
! 0 !  s
for k = 1; k++; subset of ! k r - satisfies g do

Ak = {all actions r - applicable in ! kÐ1}
! k = @+( skÐ1, Ak)
if k > 1 and ! k = ! kÐ1 then

return " // thereÕs no solution
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.)'(/$01$ !"# $ "%2
()* +, $ - 1
()* *, $ -,
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.-)0'1/$01562
7)89 :+, /-1 /-. ;
7)89 :+, /- 1/- , ;

.)'(/$01$ !"62
()* +, $ - .
()* +, $ - ,
()* +, $ - 1
()* *, $ -,
*2+&) +, $ 34(

%&'($!"#2
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*+
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.-)0'1/$015%2
7)89 :+, /-. / -1 ;
7)89 :+, /- , / - 1;
7)89 :+, /-. / - , ;
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7)89 :+, /- 1/- , ;
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.)'(/$01$ !"%2
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%&'($!"6

! >26/ >2% 0/$4$(010(45$&65476*$/'58)0'1
! 9'/)$'%$64-:$4-)0'1$0/$,;$/'$?@@"6 $ .

>26

>2%

// extract minimal relaxed solution
! k = g
for i = k down to 1 do

‰i = minimal subset of Ai s.t. A+( " i - 1, ‰i ) r - satisfies ! i

! i ! 1 "  ( ! i B eff ( ‰i )) C pre ( ‰i )

9'85*$:4<6$%'55'=6*$'):6&$6%%>$5016
?='85*$:4<6$564*$)'$?@@"6 $ 1@
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! !"##$#%&'$()&$*&+,-.#,($/-&$#&!" ! # $ %&' !( )* +!
! !"#"$%&'()&*+")#'0,)*#1'&()/#&($%&&,(+'-)(+
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! '9)7)&$*&#,&*,-"'$,#&, . *"69&'9/'&, . / !, !8
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 Atoms 
in ! 2:

Actions 
in A2:

Atoms 
in ! 1:

Actions 
in A1:

Atoms 
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c1

c2

a1

a2

 from !1
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c6

c3

c4 a6

a5

a4
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c1
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a1

a2

c5

c6

c3

c4

a4

a3
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Why are Landmarks Useful?

• Breaks down a problem into smaller subproblems

• Suppose !",!$,!% are landmarks
• Every solution to & must achieve !",!$,!%

• Possible strategy:
• find a plan to go from '( to any state '" that satisfies !"
• find a plan to go from '" to any state '$ that satisfies !$
• …

96
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! 2)'/3/45*67)%7)#*! /$*(*-(43+(#8*/$*9:9;<=&'"+,-)%)
! ;$*7(#3*($*$"->/45*%7)*,-(44/45*,#"?-)+*/%$)-@

! AB%*%7)#)*(#)*"@%)4*B$)@B-*-(43+(#8$*%7(%*'(4*?)*@"B43*+"#)*
)($/-0
! 9"-04"+/(-*%/+)
! C"/45*%"*$))*"4)*$B'7*,#"')3B#)*?($)3*"4*!"#$

! !70*D9C$E
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! ;*-(43+(#8*@"#*(*#)-(.)3*,-(44/45*,#"?-)+*/$*(*-(43+(#8*@"#*%7)*"#/5/4(-*

,-(44/45*,#"?-)+*($*6)--
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RPG-based Landmark Computation

•Main intuition: 
• if ! is a landmark, can get new landmarks from the preconditions of the 

actions that achieve !
• Example:
• goal "
• #$, #& = all actions that achieve "
• '() #$ = '$, +
• '() #& = +, '&
• To achieve ", must achieve
('$ ∧ +) ∨ ('& ∧ +)
• same as + ∧ '$ ∨ '&

• Landmarks:
• +
• '$ ∨ '&
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RPG-based Landmark Computation
• Suppose goal is ! = !#, !%, … , !'
• Trivially, every !( is a landmark

• Suppose 
!# = )*+ ,1 = .1

• Two actions can achieve g1:
• /*01 ,1, .3, .1
• /*01 ,1, .2, .1

• Preconditions 
• )*+ ,1 = .3
• )*+ ,1 = .2

• New landmark: 45 =
)*+ ,1 = .3 ∨ )*+ ,1 = .2

• /*01 ,, ), /
• pre: )*+ , = )
• eff: )*+ , ← /

• 89:1 ,, ), +
• pre: +9,!* , = ;<),

)*+ , = ), )*+ + = )
• eff: +9,!* , ← +, )*+ + ← ,

• =>8 ,, ), +
• pre: )*+ , = ), )*+ + = ,
• eff: +9,!*(,) ← ;<), )*+(+) ← )

99

d2d1

d3
r1

c1

AB = {)*+ ,1 = .3, +9,!* ,1 = ;<), )*+ +1 = .1}

APA - Deterministic



!"# $%&'()*+&,)-&./*01-234&451,

677

! "#$

#%

&%

' %

&$
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&(
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RPG- Landmarks( s0, g = { g1, g2,É, gk})

queue !  { gi ) g | s0 doesnÕt satisfy gi }; 

Landmarks !  *

A !  all actions

while queue "  * do
remove a gi from queue

Landmarks ! Landmarks + gi

R !  {actions whose effects include gi }

if s0 satisfies pre ( a) for some a ) R then

return Landmarks

generate RPG from s0 and A , R, stop when ! k=! kÐ1

N !  { a ) R | a r - applicable in ! k}

if N = * then

return failure

Pre !  - { pre ( a)| a ) N} , s0

. !  { p1/ p2/ É/ pm| m#4, 0a) N 1i : pi ) pre (a) , 0i:p i ) Pre }
for each 2 ) . do

add 2 to queue

return Landmarks

8"8*$9(4(.-5,5'45:



RPG-based Landmark Computation
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“relevant” 
actions !

RPG-Landmarks(s0, g = {g1, g2,…, gk})
queue !  { gi ∈ g | s0 doesnÕt satisfy gi}; 
Landmarks !  ∅
A !  all actions

while queue "  ∅ do
remove a gi from queue
Landmarks ! Landmarks ∪ gi
R !  {actions whose effects include gi}
if s0 satisfies pre( a) for some a ∈ R then

return Landmarks
generate RPG from s0 and A ∖ R, stop when ! k=! k–1

N !  { a ∈ R | a r- applicable in ! k}

if N = ∅ then
return failure

Pre !  ⋃{ pre( a)| a ∈ N} ∖ s0

' !  { p1∨p2∨É∨pm| m#4, ∀a∈N ∃i: pi∈pre(a), ∀i:pi∈Pre}
for each + ∈ ' do

add + to queue
return Landmarks

,-./

.0
10

20

1/

2/

.3
13

23

APA - Deterministic



!"#

$%&' ()*+,-.)/,0)12-340567)784/RPG- Landmarks( s0, g = { g1, g2,É, gk})

queue !  { gi ! g | s0 doesnÕt satisfy gi }; 

Landmarks !  "

A !  all actions

while queue "  " do
remove a gi from queue

Landmarks ! Landmarks # gi

R !  {actions whose effects include gi }

if s0 satisfies pre ( a) for some a ! R then

return Landmarks

generate RPG from s0 and A $ R, stop when ! k=! kÐ1

N !  { a ! R | a r - applicable in ! k}

if N = " then

return failure

Pre !  %{ pre ( a)| a ! N} $ s0

& !  { p1' p2' É' pm| m#4, ( a! N ) i : pi ! pre (a) , ( i:p i ! Pre }
for each * ! & do

add * to queue

return Landmarks
!""#!$!%&'()!*"(#
!+,-.

+,- .

- /

0/

1/

0.

1.

- 2

02

12

9%9-' :+7+108/8*78;
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$%&' ()*+,-.)/,0)12-340567)784/RPG- Landmarks( s0, g = { g1, g2,É, gk})

queue !  { gi ! g | s0 doesnÕt satisfy gi }; 

Landmarks !  "

A !  all actions

while queue "  " do
remove a gi from queue

Landmarks ! Landmarks # gi

R !  {actions whose effects include gi }

if s0 satisfies pre ( a) for some a ! R then

return Landmarks

generate RPG from s0 and A $ R, stop when ! k=! kÐ1

N !  { a ! R | a r - applicable in ! k}

if N = " then

return failure

Pre !  %{ pre ( a)| a ! N} $ s0

& !  { p1' p2' É' pm| m#4, ( a! N ) i : pi ! pre (a) , ( i:p i ! Pre }
for each * ! & do

add * to queue

return Landmarks

!"#$#%%&'()*&$+,-"%*
+ .*+/#*-"0(*-"#%*
+/&+*$&"*1#*'2&330,#4*
&"4*&$/,#5#*, -

, -. /
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1/

2/
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$%&' ()*+,-.)/,0)12-340567)784/RPG- Landmarks( s0, g = { g1, g2,É, gk})

queue !  { gi ! g | s0 doesnÕt satisfy gi }; 

Landmarks !  "

A !  all actions

while queue "  " do
remove a gi from queue

Landmarks ! Landmarks # gi

R !  {actions whose effects include gi }

if s0 satisfies pre ( a) for some a ! R then

return Landmarks

generate RPG from s0 and A $ R, stop when ! k=! kÐ1

N !  { a ! R | a r - applicable in ! k}

if N = " then

return failure

Pre !  %{ pre ( a)| a ! N} $ s0

& !  { p1' p2' É' pm| m#4, ( a! N ) i : pi ! pre (a) , ( i:p i ! Pre }
for each * ! & do

add * to queue

return Landmarks !"#$ %&'()*+,&-"
./*%0/12

+,- .

- /

0/

1/

0.

1.

- 2

02

12

9%9-' :+7+108/8*78;
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#$ %$

!&!$

!"
#$

%$
! " #$%&'( " )* +$%&&( " '( , - . " #$%&'( " )* +&/'!% '( " 01$+$%&&( " )( ,

!"#

$%&'()*RPG- Landmarks( s0, g = { g1, g2,É, gk})

queue !  { gi 2 g | s0 doesnÕt satisfy gi }; 

Landmarks !  3

A !  all actions

while queue "  3 do
...

45656 " $%&&( " '(
7/0)8/'9- " 3

!"#$%&'%('

+,+- . /*0*1'2324025

! 8%:6 ' +$+8
! (#)*+$%&' " $
! ),,*+$%&' ; 8

! </96 ' +$+&
! (#)*+&/'!% ' " 01$+

$%&' " $+$%&& " $
! ),, *+&/'!% ' ; &+

$%&& ; '
! =5< ' +$+&

! (#)*+$%&' " $+
$%&& " '

! ),, *+&/'!% >' ? ; 01$+
$%&>&? ; $



!"
#$ %$

!&!$

!"
#$

%$
! " #$%&'( " )* +$%&&( " '( , - . " #$%&'( " )* +&/'!% '( " 01$+$%&&( " )( ,

!"#

$%&'()*RPG- Landmarks( s0, g = { g1, g2,É, gk})

...

while queue !  2 do

remove a gi from queue

Landmarks " Landmarks 3 gi

R "  {actions whose effects include gi }

if s0 satisfies pre( a) for some a 4 R then

return Landmarks

56767 " 2
8/0)9/':- " $%&&( " '(
; " #</:7 '( +)( +&( +

</:7 '( +)= +&( +
</:7 '( +)* +&( ,

!"#$%&'%('

+,+- . /*0*1'2324025

! 9%>7 ' +$+9
! (#)*+$%&' " $
! ),,*+$%&' ? 9

! </:7 ' +$+&
! (#)*+&/'!% ' " 01$+

$%&' " $+$%&& " $
! ),, *+&/'!% ' ? &+

$%&& ? '
! @6<' +$+&

! (#)*+$%&' " $+
$%&& " '

! ),, *+&/'!% A' B? 01$+
$%&A&B? $
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ExampleRPG-Landmarks(s0, g = {g1, g2,…, gk})
...
while queue ≠ ! do

...
generate RPG from s0 and A " R, stop when ! k=! k–1

N ← { a # R | a r- applicable in ! k}
if N = ! then

return failure

! $%&' ( )*)$
! !"#$%*%+( , *
! #&&$%*%+( - $

! ./0' ( )*)+
! !"#$%+/(1% ( , 23*)

*%+( , *)*%++ , *
! #&&$%+/(1% ( - +)

*%++ - (
! 45. ( )*)+

! !"#$%*%+( , *)
*%++ , (

! #&&$%+/(1%6( 7 - 23*)
*%+6+7 - *

85'5' , !
9/2:$/(0; , *%++< , (<
= , >./0' (<):< )+< )

./0' (<):? )+< )

./0' (<):@)+< A

B , ./0' (<):< )+<

RPG using CDE

F; GH
*%++< , :<
*%+(< , :@
+/(1% (< , 23*

CI H
$%&' (<):@):<
$%&' (<):@):?

'()*% F; I +,-%F; J$
*%+(< , :<
*%+6(<7 , :?
*%+6+<7 , :<
*%+6(<7 , :@
+/(1%6(<7 , 23*

."(/% F; G

./0
'

(<
)+

<)
:<

APA - Deterministic
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$%&'()*RPG- Landmarks( s0, g = { g1, g2,É, gk})

...

while queue !  ! do

...

Pre "  " { pre ( a)| a # N} $ s0

% "  { p1&p2&É&pm| m#4, ' a#N ( i : pi #pre (a) , ' i:p i #Pre }
for each ) # % do

add ) to queue

*+,+, - ./0 01 - 21
345264789 - ./0 01 - 71
: - ;<48, 71=21=01 =

<48, 71=2>=01 =
<48, 71=2?=01 @

A - <48, 71=21=01 <48, 71=21=01
!"#$%047B/ 71 - 5C.=

./0 71 - 21=

./0 01 - 21
&'()&*)#+%),%D9E

'++%(-%*+,+,

+,+- . /*0*1'2324025

! 6/F, 7=.=6
! !"#$%./0 7 - .
! #**$%./0 7 G 6

! <48, 7=.=0
! !"#$%047B/ 7 - 5C.=

./0 7 - .=./0 0 - .
! #**$%047B/ 7 G 0=

./0 0 G 7
! H+<7=.=0

! !"#$%./0 7 - .=
./0 0 - 7

! #**$%047B/I7J G 5C.=
./0 I0J G .
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! !"#$%&'()*+,(-&+(&+.#&/$(0)#1&-##2'&+(&34.,#"#&3))&+.#&4(1/*+#2&
)3-213$5'

! 6-#&/('',0)#&.#*$,'+,47
! ! "# $ 8&-*10#$&(9&)3-213$5'&$#+*$-#2&0%&:;<=>3-213$5'
! ?'&+.,'&.#*$,'+,4&321,'',0)#@

! A(

! B.#$#&3$#&(+.#$&1($#=32"3-4#2&)3-213$5&.#*$,'+,4'&
! C(1#&(9&+.#1&3$#&321,'',0)#
! D.#45&+#E+0((5&9($&$#9#$#-4#'

012

% & %' (%)
BF(&)3-213$5'7&%' (%)
6/+,13)&/)3-7&* ' G&)#-H+.&8&I%+

* '$,

%'
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! !"#$%&'%()*#+('%,+&
! -'$.%/0'12%+")3%&'.+(")"4.562"
! 7"2"'" 1$"2.4.'%,+)0"#$%&'%(&

! $"2.4"3)&'.'"&8)! " 8)#" 8)!998)#$$

! 7%&:#+('%;")2.+35.$<&8)=>?1@.+35.$<8)#%&

! ?"')+"("&&.$A).('%,+&)BA)5.<%+/)=>?)*,$).22)+,+1$"2";.+').('%,+&

../

010*23$#$%&("(4#(5
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!"#$!"#"$%&#'(#)*$+'$,'$-$."#"(/.
! %&'&($)$*+',-(.$/0$+'12'3,(.45$'6&2/7$)$68'79(.$&/$&8/.($+',-(.

!"!$0/'1#'2+-"#"$%-,#3$+-$#'34
! %&'1&$'&$272&2',$.&'&(:$,//;$0/1$.(<-(76($/0$'6&2/7.$&8'&$'682(+($9/',

!"=$5$6'(-"(3+76.3"(/.-
! >/?$&/$9-2@($'$0/1?'1@$.&'&(A.B'6($.('168

/01(!"#$%&$%'()"*+&,'"")"*+)"($+'"+'#($%
! C7,27($,//;'8('@:$-7(DB(6&(@$(+(7&.

!"E$8#391#'2+-$#'34
! %&'1&$'&$9/',$.&'&(:$9/$3'6;?'1@.$&/?'1@$272&2',$.&'&(

!"F$:*#. %-,#3$+-$#'34
! %&'1&$?2&8$276/GB,(&($B,'7$0/1$9(&&279$01/G$272&2',$.&'&($&/$9/',$.&'&(:$G';($

&1'7.0/1G'&2/7.$&/$02D$0,'?.$27$&8($B,'7

222

343(56'#'*7%&%8#%9



Incorporating Planning into an Actor

• Plans are abstract
• Need additional refinement
• (Chapter 3)

The best laid schemes o’ mice 
an’ men,
Gang aft agley.

–Robert Burns

• Plans don’t always work 
• What to do about it?

112

Actor
Deliberation components

Planning

Acting

Queries

Plans

Execution platform

PerceptsCommands

Other
actors

External world

SignalsActuations

Messages

Objectives

APA - Deterministic
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! ! " # $%&'() # %&'*+%&'&, #
%&')+'-(.& () # /0%1

! . # %&'&, # %&'2
! 3 # -) +-2 +-* +-4 +-5

! -) # .& () +%&'*+6-%%
! -2 # /-70.-89 () +6-%%+%&')
! -* # 8-:9 () +%&')+&,
! -4 # /-70.-89 () +%&')+%&'2
! -5 # ;<8 () +%&'2+&,

! .& ( +%+=
! !"#$%->? %+= +%&'( # %
! #&&$%%&'( @=

! /-70.-89 A( +%+= B
! !"#$%C->? %+= +%&'( # %
! #&&$%%&'( @=

! 8-:9 ( +%+&
! !"#$%%&'( # %+%&'& # %+

'-(.& ( # /0%
! #&&$%%&'A&B@( +'-(.& ( @&

,,-

'()*%)"#%
!+,,-./#%-,,0#,1

./.' 01"+"#2%3%4+%&

"#,!+23%*+%0,#"%"#40#,*,

."-25%o7 *+%loc2

5+%*+%
()//6)7

2)8-5)*#%
*+ loc1

&#*9(%
o7

2)8-5)*#%
*+ loc2

3#/-8#"%
o7
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*+%
;2+.

5"),!
;2+.

*0"2
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:)-2*)-2
!0//
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:+2-*+"

:+2-*+"

025"),!:+8#
.)9;

< <

< < < <

<
<

<
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Using Planning in Acting
• Lookahead is the planner
• Receding horizon:
• Call Lookahead, obtain !, perform 

1st action, call Lookahead again …
• Like game-tree search (chess, 

checkers, etc.)
• Useful when unpredictable 

things are likely to happen
• Re-plans immediately

• Potential problem:
• May pause repeatedly 

while waiting for 
Lookahead to return
• What if " changes 

during the wait?

114

Planning stage
Acting stage

Run- Lookahead( ! , g)
while s ← abstraction of 

observed state " ⊭ g do
! ← Lookahead(Σ,s,g)
if ! = failure then

return failure
a ← pop-first-action(!)
perform a

APA - Deterministic



!"#$%&'()$$#$%&#$&*+,#$%

! !"##$%&&'"()"*+$),)-./)$/()$0#"1$
"2$3"4$"2$0&2256#)+$*&17/$-"##$
%&&'"()"*$"8"51$.1#)22$1)-)22"49

! :5;.#"/)$/)2/2$<()/()4$/()$0#"1$
<5##$),)-./)$-&44)-/#9
! !&.#*$=.2/$-&;0./)$! "#$ +$&4$-&.#*$

*&$2&;)/(518$;&4)$*)/"5#)*$
! %&<)4>#)?)#$4)351);)1/+$0(925-2>6"2)*$

25;.#"/5&1

! @&/)1/5"#$04&6#);2
! A"9$;58(/$;522$

&00&4/.15/5)2$/&$
4)0#"-)$$ <5/($"$
6)//)4$0#"1

! B5/(&./$:5;.#"/)+$;"9$
1&/$*)/)-/$04&6#);2$
.1/5#$5/$52$/&&$#"/)

--.

Run-Lazy-Lookahead(Σ,g)
s !  abstraction of 

observed state %
while s & g do

$ !  Lookahead( " , s, g)
if # = failure then

return failure
while $ $ '( and s & g and

Simulate( " , s, g,$)
$ failure do

a !  pop - first - action( $)
perform a
s !  abstraction of 

observed state %

@#"11518$2/"8)
C-/518$2/"8)

*'*& / 01,123#$#",#+
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! !"#$%&'&('$)**)+',-.'.&/$
&"+0.&+$'1"-$2,-34"5#3
4))6"1&"%
! 7,'$8"#$8.//$/)8&$'1"'$2,- 3

4))6"1&"%$9),0%$:.-%$

! ;.'1),'$<.8,0"'&=$8"#$:".0$')$
%&'&('$*+)>0&8/$,-'.0$.'$./$'))$
0"'&
! ?)'$"/$>"%$"'$'1./$"/$2,-34"5#3

4))6"1&"%$
! @)//.>0&$9)+63"+),-%A$+&/'"+'$

4))6"1&"%$&"(1$'.8&$! (1"-B&/

--.

Run- Concurrent - Lookahead( ! , g)
" ← #$
s ← abstraction of 

observed state %
// thread 1 + 2 run concurrently

thread 1:
loop

" ← Lookahead(Σ,s,g)
thread 2:

loop
if s & g then

return success
else if " = failure then

return failure
else if " ≠ #$ and s ' g and

Simulate(Σ,s,g," )
≠ failure then

a ← pop-first-action(" )
perform a
s ← abstraction of 

observed state %

*'*& / 01,123#$#",#+
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! !"#$%&'()$
! *)+,-&./%0/1'&))()$/0%2/! 3/

1'&)/0%2/&/+"#$%&'! "

! 4)5-/ ! " (+/&56(-7-.3/
1'&)/0%2/)-8,/+"#$%&'

! 9-5-.()$/6%2(:%)
! 9-,"2)/&/1'&)/,6&,/$%-+/

;"+,/1&2,<=&>/,%/! "

! ?@$@35",/%00/+-&256/&,/
! -7-2>/1'&)/=6%+-/5%+,/-85--.+/+%A-/7&'"-/#$%&
! %2/=6%+-/'-)$,6/-85--.+/+%A-/7&'"-/' $%&
! %2/=6-)/)%/,(A-/(+/'-0,

! B%2(:%)/2-5-.-+/%)/,6-/&5,%2C+/
+"55-++(7-/5&''+/,%/,6-/1'&))-2

! !&A1'()$
! D2>/&/0-=/E-@$@3/2&).%A'>/56%+-)F/

.-1,6 <0(2+,/2%''%",+3/
,&G-/,6-/%)-/,6&,/'%%G+/#-+,

! H&)/"+-/5%A#()&,(%)+/%0/,6-+-

,,-

!

I'&))()$/+,&$-
J5,()$/+,&$-

./.$ 01+%+234546%47



!"#"$%&'()*+%,*&-
."/+#0
! !"#$%&'()$&*!+,&-.#&/01$#2()3&'(4$&

#2$/$5
! "#$%&'($)*+",%#--5

("&!"#$ % & ' # ( ! )*+
#2$)

%$#.%)&%

! .)/0%1&'($)*+",%#--+5

("&,%, ( -)*+ #2$)&
%$#.%)&%

! %!2)&'($)*+",%#--5

("&#(1$6'$"#*+&7&8&#2$)&
%$#.%)&%
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Deterministic - Search( ! , s0, g)
Frontier !  {( ./ , s0)}
Expanded !  0
while Frontier "  0 do

select a node 1 = ( %, s) 2 Frontier ( i )
remove 1 from Frontier
add 1 to Expanded
if s satisfies g then 

return %
Children !  

{( %. a, 3( s, a)) | s satisfies pre ( a)} 
prune 0 or more nodes from 

Children , Frontier , Expanded (ii)
Frontier !  Frontier 4 Children

return failure

343-( 5"6"+7%&%86%#



!"#$%"&'(#')(*+(,$%-"&'
!&"*.
! !"#$%&'(

! )%"''*+,&-,",#./&0&*/,1*+-&.',.0,
(+**/2,"%(.+&34#,

! 5"6*,+"'/.#&7*/,84.&8*,"3,9 &:
! ;<',-*1*+"%,3&#*-=,(*3,-*1*+"%,

-.%<3&.'-
! ;*3<+',>*-3,.'*

! ?83.+,8"%%-,34*,$%"''*+,
+*$*"3*/%2,"-,&3,"83-
! ?',"'"%.(.<-,3*84'&@<*,&-,<-*/,&',

34*,("#*,.0,A.

//0

Greedy( ! , s0,g,Visited )
if s satisfies g then 

return !
Act !  { a " A| s satisfies pre(a) and 

#( s, a) $ Visited }
if Act = % then 

return failure
a !  argmin a" Act h( #( s, a)) ( i )
! !  Greedy( " , #( s, a), g, Visited & { s})
if ! !  failure then 

return a. !
return failure

)%"''&'(,-3"(*
?83&'(,-3"(*

1!1' +23$3#-%*%.$%4
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! 3-*$%)(/40

! 56"78$$9'/2':
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! 56"7=$"#6%%2"(78$$9'/2':
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! >6?*$'-)"*
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! >'4&-)"*

./0
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!"!$0/'1#'2+-"#"$%-,#3$+-$#'34
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!"=$5$6'(-"(3+76.3"(/.-
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! 0"314,)'(,%,)',#%.(-,-".' ! " # ! ! $%

! 5%*6$%#&'()%#*+'(,%#,('%,',+)'7"%/
! 0+""()(' #)/)8%.,%*,-".

! 9'1"((-2/)':/%(,'%*,-".;'2)<"#)',+)'7"%/
! 0"314,)(' -.8)#() (,%,)',#%.(-,-".'&" # ! ' ( &$%

! &" ='1#"1)#,-)('%'(,%,)'! " (+"4/&'(%,-(<>'-.'"#&)#'<"#'! ! "$% ,"'(%,-(<>'&

! ?"3),-3)('+%('%'/"$)#'2#%.*+-.7'<%*,"#
! !"#$%#&@'A'%11/-*%2/)'%*,-".(

! <-8)'/"%&'%*,-".(B',$"'3"8) %*,-".(
! 5%*6$%#&@'& # )*+, -. # /0 1

! ,$"'#)/)8%.,'%*,-".(@
2+34 -. $/. $/0 $
2+34 - . $/ 5$/0

,--

&C
&D

&E

#D

*D *C *E *F *G

./.( 01*2*&3454624#



!"#"$%&'"

• Idea: when can ! be useful as the last action of a plan " for 
achieving #?
• ! can make at least one atom in # true that wasn’t true already
• ! doesn’t make any part of # false

Formally,
• ! is relevant for # = %& = '&,… , %* = '* if 
• at least one atom in # is also in +,, !
• i.e., # contains % = ' and +,, ! contains % ← '

• for every atom % = ' in #
• ! doesn’t make % = ' false
• i.e., +,, ! doesn’t contain % ← '. for some '. ≠ '
• if 01+ ! requires % = ' to be false, then +,, ! makes it true 
• i.e., if 01+ ! contains % ≠ ' or % = '., then +,, ! contains % ← '

()*

+,+- . /"0"123&3403'



!"#"$%&'"

• !"# = { "1, "2 , "1, "3 , "2, "1 ,
"2, "3 , "3, "1 , "3, "2 }

• + = {,-. .1 = "1, ,-. .2 = "1,
,-. .3 = "1, ,-. /1 = "2, .!/0- /1 =
12,, ,-. /2 = "2, .!/0- /2 = 12,}

• 0 = {,-. .1 = /1, ,-. /1 = "3}
• For each action below, is it relevant for 0?
• 3!45 /1, "1, .1
• 3!45 /1, "2, .1
• 673 /2, "3, .1
• 8-95 /1, "1, "3
• 8-95 /1, "3, "1
• 8-95 /1, "2, "3

• 8-95 /, ,, 8
• pre: ,-. / = ,, !"#(,,8)
• eff: ,-. / ← 8

• 3!45 /, ,, .
• pre: .!/0- / = 12,, ,-. / = ,, ,-. . = ,
• eff: .!/0- / ← ., ,-. . ← /

• 673 /, ,, .
• pre: ,-. / = ,, ,-. . = /
• eff: .!/0-(/) ← 12,, ,-.(.) ← ,

• Ranges
• ℛ / = >-?-3+ = /1, /2
• ℛ , = ℛ 8 = @-.+ = "1, "2, "3
• ℛ(.) = A-13!215/+ = {.1, .2, .3}

()*
d2d1

d3

r1

c1
r2

c2 c3
d3

r1 c1

+0

+,+- . /"0"123&3403'



!"#$%&$'()*)$'+%*"&,),-"&

! !"#! $%#&'(')*+,#"-&#" .#,/'+#
#$ % " &!
' ()* ! + " , *-- !

! !"#! $%+0,#&'(')*+,#"-&#" .#,/'+#
#$ % " &! $%#1+2'"$+'2

! 34*56('7
! " ' . /012134 ' )3 5
! 8/*,#$%##$ % " &6!7* )3 &89&13 9
! 8/*,#$%##$ % " &6!7* ) : &83&13 9

! ;0<* ) &/&;
! 6&'7#/01 ) ' /&!8=2/&; 4
! '""7#/01 ) > ;

! 6!7* ) &/&1
! 6&'7#1!)"0 ) ' ?@/&/01 ) ' /&

/01 1 ' /
! '"" 7#1!)"0 ) > 1&/01 1 > )

! (A6 ) &/&1
! 6&'7#/01 ) ' /&/01 1 ' )
! '"" 7#1!)"0 2) 4> ?@/&/01214> /

./0

2:2;

2<

&;
=;

&:
=: =<

B

121'34$)$%5,",&),6



!"#$%"&'()*"&#+

! !"#$%&#'%#()*+,
! -./%0&$)*%&1)23&45/&

!"#$%&' (
! -./%0&$)*%&1))23&45/

! %)/'%0&/')6,
).&( ) !"#$%&/'%*&

0%/50*&.7)$50%
!"#$%&' !"#$%&* (

! 80&/')6,
).&+( , ) !"#$%&-./ . ( 0 ( , /'%*&

0%/50*&.7)$50%
!"#$%&' !"#$%&* (

! 9)/'&#"#$%&#'%#()*+3&685*:&7*:&
#8;4$%/%
! <.&12342( 4 )6&68$=7>$%3&/'%*&7/&$%76/&

8*%&8./'%&%?%#5/)8*&/07#%6&@)$$&.)*:&
7&68$5/)8*

,-.

+

+A

+B

+C

7A

7B

7C

+D

+E

6F

7D

7E

Backward - search( ! , s0, g0)
g !  g0

5 !  67 ( i )
loop

if s0 satisfies g then
return 5

A! ! { a ) A | a is relevant for g} 
if A! = 8 then

return failure
nondeterministically choose a ) A!
g !  9- 1( g, a)
5 !  a. 5 (ii)

/0/( 12*3*&4565735#



!"#$%&'$()*#%+,"

! !"#$%&#$"'()"*(+&,-.&*/012&*,3(.&1(#"(*2/4,2(
#32(5*&',3$'6()&,#"*
! 71(.*$##2'8(/"21'9#(&,,":;<$13(#3&#

! ="<%2(#3$1(5>(<$)#$'6?
! @32'(;"11$5<28(<2&%2(

%&*$&5<21(4'$'1#&'#$&#2/(

-./

. . .

!"#$ %&' () ' (*

!"#$ %&' (+ ' (*

!"#$ %&' (, ' (*

!"#$ %&' (& ' (*

- . /"0 %& . (*

!"#$ %&' 1' (* - . /"0 %& . (*

23 4

23 4

/A/B

/C

/D

/E

/F

/G

*B

010)234+4"5'$'6+'%



!"#$%&'()*+,)-&'.%)-*/

! !"#$%&'(#)'*+,-$'*(.%/01%
20(.%-2'33$*%/*'4(."45%6'(17*
! 8$$9%1*'(#%76%).'1%:'30$-%)$*$%

-0/-1"101$+%67*%)."(.%9'*'2$1$*-
! ;%)74<1%+"-(0--%1.$%+$1'"3-
! =3'4,-9'($%93'44"45%>3'1$*?%+7$-%

-72$1."45%-"2"3'*

012

Backward - search( ! , s0, g0)
g !  g0

! !  "#
loop

if s0 satisfies g then
return !

A! ! { a $ A | a is relevant for g} 
if A! = % then

return failure
nondeterministically choose a $ A!
g !  &- 1( g, a)
! !  a. !

Lifted - Backward - search( ' , s0, g)
! !  "#
loop

if s0 satisfies g then
return !

A !  {( a, ( )| a is a standardisation of an action template in ' , 
( is an mgu for an atom of g and an atom of eff +( a), and

&- 1( ( (g) , ( (a) ) is defined} 
if A = % then

return failure
nondeterministically choose ( a, ( ) $ A
g !  & - 1( ( (g) , ( (a) )

343'56%$%-7"8"9$"*



Intermediate Summary

! !"#$%"&'()*"*+,-."#+()+"&#/
! 0+1+2"3#+4(532+&-+(-*"*+(*&"3-5*563(! " #

! !"#$%"&'(-+"&#/4(#7#1+(#/+#$538
! 95:*+'(;"#$%"&'(-+"&#/(<;&5+:17=

129
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!"#$%&'()'*(#+'(,--.

!"#$!"#"$%&#'(#)*$+'$,'$-$."#"(/.
! %&'&($)$*+',-(.$/0$+'12'3,(.45$'6&2/7$)$68'79(.$&/$&8/.($+',-(.

!"!$0/'1#'2+-"#"$%-,#3$+-$#'34
! %&'1&$'&$272&2',$.&'&(:$,//;$0/1$.(<-(76($/0$'6&2/7.$&8'&$'682(+($9/',

!"=$5$6'(-"(3+76.3"(/.-
! >/?$&/$9-2@($'$0/1?'1@$.&'&(A.B'6($.('168

!"C$8.3/',/'#"(.9+,*#..(.9+(."/+#.+#3"/'
! D7,27($,//;'8('@:$-7(EB(6&(@$(+(7&.

!"F$:#3;1#'2+-$#'34
! %&'1&$'&$9/',$.&'&(:$9/$3'6;?'1@.$&/?'1@$272&2',$.&'&(

/01(!"#$%&'#()*&)#+(,
! %&'1&$?2&8$276/GB,(&($B,'7$0/1$9(&&279$01/G$272&2',$.&'&($&/$9/',$.&'&(:$G';($

&1'7.0/1G'&2/7.$&/$02E$0,'?.$27$&8($B,'7

234

565(78'#'*9%&%:#%;



Plan-Space Search

• Formulate planning as a constraint satisfaction problem
• Use constraint-satisfaction techniques to produce solutions that are more 

flexible than ordinary plans 
• E.g., plans in which the actions are partially ordered
• Postpone ordering decisions until the plan is being executed
• The actor may have a better idea about which ordering is best

• First step toward temporal planning (Chapter 4 in book)

• Basic idea:
• Backward search from the goal
• Each node of the search space is a partial plan that contains flaws
• Remove the flaws by making refinements

• If successful, we will get a partially ordered solution

131
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!"#$%$&$'%(

! !"#$%"&&'()#*+#+*(,&"-
! !"#$%"&&'()#*+#+*(.+$()/(-)*+.
! 0"12(-)*+(1)-$"%-.("-("1$%)-

! !"#$%"&&'()#*+#+*(.)&3$%)-
! !"#$%"&&'()#*+#+*(,&"-(! .312($2"$

+4+#'($)$"&()#*+#%-5()/(! %.("(.)&3$%)-
! !"#$%"&(,&"-

! !"#$%"&&'()#*+#+*(.+$()/(-)*+.($2"$
1)-$"%-(,"#$%"&&'(%-.$"-$%"$+*("1$%)-.

! 6-+73"&%$'(1)-.$#"%-$.
! +858(" # $ )#(% # &'

! 9"3."&(&%-:.;*".2+*("#1.<
! =.+("1$%)-(( $)(+.$">&%.2(

,#+1)-*%$%)-(& )/("1$%)-()

)*+

*+,- ( .&/ .0 *+,- ) .&1.2

*+,- 0.( .&/ *+,- 2.) .&1

,?

,@ ,A

"
*

,B
>
1

1*
>"

34
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,#+C(6+27 8 &'

9++ 7 )(: 7

+//C(6+27 8 &'

)(" "

" # 7

,#+C(6+2" 8 &;



Flaws:  1. Open Goals
• A precondition ! of an action " is an open goal if there is no causal 

link for !
• Resolve the flaw by creating a causal link
• Find an action # (either already in $, or can add it to $) that can establish !
• Can precede "
• Can have ! as an effect

• Do substitutions on variables to make # assert !
• E.g., replace % with &

• Add an ordering constraint # ≺ "
• Create a causal link from # to !

133

pre: ()* & = !1 pre: ()* & = !1
"#- & .)) & "#-(&)

replace % with &
eff: ()* & ← !1.)) %

eff: ()* % = !1

APA - Deterministic



!"#$%&''()'*+,-#.%

! !"##$%&'(&')*+&'*',*"%*-'-./0'12$3'*,4.$/'! 4$'#2&,$/5.4.$/'" $1'*,4.$/'
#

! 6,4.$/' $ 4)2&*4&/%4)&'-./0'.1'$ 3*7'*11&,4'" */5'3*7',$3&'8&4(&&/' !
*/5' #
! $ .%'*'4)2&*4'&+&/'.1'.4'3*0&%'" 42"&'2*4)&2'4)*/'1*-%&

! 9*"%*-'-./0'3&*/%'! !"/$4'$! .%'%"##$%&5'4$'&%4*8-.%)'" 1$2'#
! :-*/' ./'().,)' $ &%4*8-.%)&%'" (.--'8&';&/&2*4&5'$/'*/$4)&2'#*4)'./'4)&'%&*2,)'%#*,&

! <)2&&'#$%%.8-&'(*7%'4$'2&%$-+&'4)&'1-*(=
! >*0&'$ %!
! >*0&'# %$
! 655'./&?"*-.47',$/%42*./4%'4$'#2&+&/4'$ 12$3'*11&,4./;'"

/01

#2&='&'$ ( ) "*

+'' ( #!, (

$&'##-, .

&11='&'$ . / "0

&11='&'$ ( / "*

232'45-.-,6787%.79



!"!#$%&'()*+,

! !"#$#%&'(&%"'#)'%&*%+)'
!"#$" %&'(')* *#$,'

!"#$" + &'(')*
! -$%.$'

! /0'(.120"3#$#0")
! 45512$)6'%$07)'#"') ,

! 8#"#),'
! 9.120"3#$#0")6'%$07)'#"'-
! /0'15512$)

! 9-9'#)')0:"3'%"3'207(&1$1
! ;1$:.")'%'(%.$#%&&+'0.31.13'(&%"'.

)<$<%"+'$0$%&'0.31.#"='05'. *#&&'
%2,#1>1'-

! !"')071'1">#.0"71"$)?'20:&3'
1@12:$1'%2$#0")'#"'(%.%&&1&

-./

!"#$" &'(')*
1556') ,

(.16'-

PSP(! , . )
loop

if Flaws ( . ) = / then
return .

arbitrarily select f 0 Flaws ( . )
R ! {all feasible resolvers for f } 
if R = / then

return failure
nondeterministically choose 1 0 R
. !  1( . )

$!$#012*2(,)3)4*)5



!"#$ %!"#$"#%&
'($)*'"+ %! &,$-./$0(%! &,1-./$0(%%&,1
$22)*'"+ %! &3 %-./$0(%$&3 1-./$0(%%&3 4

! %! &*,*&'()*+(,-.

! %$&*,*! %%&*,*&'()*+(,-# " /*00,).
!"#

$%&'()*

! 4565+770+*89"*"'$6*:"0/+)*
'"+ %0&,;-*'"+ %<&,.

4565+7

=80(8

'"+ %0&,; '"+ %<&,.

./$0(%'>&,1./$0(%'?&,1./$0(%'@&,4./$0(%'A&,4
./$0(%0&,4./$0(%<&,4**./$0(%.&,1 ./$0(%;&,1
'"+ %0&,'@'"+ %<&,'A '"+ %.&,< '"+ %;&,0loop

if Flaws ( #) = $ then
return #

arbitrarily select f % Flaws ( ! )
R " {all feasible resolvers for f } 
if R = $ then

return failure
nondeterministically choose & % R

# "  ! ( #)

'@

'> '?

0
;

'A
<
.

.;
<0



move(c, y, z)
pre: pos(c)=y, clear(c)=T, clear(z)=T
eff: pos(c)←z, clear(y)←T, clear(z)←F

ℛ(c) = Containers
ℛ(y) = ℛ(z) = Container ∪ pallets

move(a,y1,d)

Start

Finish

clear(a)=T pos(a)=y1

pos(a)=d pos(b)=c

clear(d)=T

137

Example

• For each open goal, add a new 
action
• Every new action a must have Start
≺ a ≺ Finish

clear(b)=Tpos(b)=y2 clear(c)=T
move(b,y2,c)

clear(p1)=T clear(p2)=T clear(p3)=F clear(p4)=F
clear(a)=F clear(b)=F  clear(c)=T clear(d)=T
pos(a)=p3 pos(b)=p4 pos(c)=b pos(d)=a

p3

p1 p2

a
d

p4
b
c

cd
ba



!"#$ %!"#$"#%&
'($)*'"+ %! &,$-./$0(%! &,1-./$0(%%&,1
$22)*'"+ %! &3 %-./$0(%$&3 1-./$0(%%&3 4

! %! &*,*&'()*+(,-.

! %$&*,*! %%&*,*&'()*+(,-# " /*00,).

!"#$%0-'5-6&

780(8

49:9+;

./$0(%0&,1 ./$0(%<&,1'"+ %<&,'='"+ %0&,'5

'"+ %0&,6 '"+ %<&,.

!"#

$%&'()*

! >$+"/#$*2"?(*"'$:*@"0/+*?+9:@*
8;$*780(80.89":
! +?<+898?8$**$A, '5 -**$B, '=

./$0(%.&,1./$0(%6&,1

!"#$%<-'=-.&

./$0(%'A&,1./$0(%'B&,1./$0(%'5&,4./$0(%'=&,4
./$0(%0&,4./$0(%<&,4**./$0(%.&,1 ./$0(%6&,1
'"+ %0&,'5 '"+ %<&,'= '"+ %.&,< '"+ %6&,0

$A $B

'5

'A 'B

0
6

'=
<
.

.6
<0



!"#$ %!"#$"#%&
'($)*'"+ %! &,$-./$0(%! &,1-./$0(%%&,1
$22)*'"+ %! &3 %-./$0(%$&3 1-./$0(%%&3 4

! %! &*,*&'()*+(,-.

! %$&*,*! %%&*,*&'()*+(,-# " /*00,).

!"#$%0-'5-6&

./$0(%6&,1 '"+ %7&,'8

9:0(:

4;<;+=

./$0(%0&,1 ./$0(%7&,1

!"#

$%&'()*

! >$?*0.:;"<*:"*($+"/#$*"'$<*@"0/
! A+: :=($0:*=0+*"<$*($+"/#$()*%5B6
! C<6 :=($0:*=0+*:?"*($+"/#$(+)

! !"#$%7-'8-.&# !"#$%15-0-%5&
! %5B.

'"+ %0&,'5 ./$0(%.&,1

./$0(%15&,1./$0(%%5&,1 '"+ %15&,0

'"+ %0&,6 '"+ %7&,.

!"#$%15-0-%5&

!"#$%7-'8-.&

./$0(%'A&,1./$0(%'C&,1./$0(%'5&,4./$0(%'8&,4
./$0(%0&,4./$0(%7&,4**./$0(%.&,1 ./$0(%6&,1
'"+ %0&,'5 '"+ %7&,'8 '"+ %.&,7 '"+ %6&,0

2 3

'5

'A 'C

0
6

'8
7
.

.6
70



!"#$ %!"#$"#%&
'($)*'"+ %! &,$-./$0(%! &,1-./$0(%%&,1
$22)*'"+ %! &3 %-./$0(%$&3 1-./$0(%%&3 4

! %! &*,*&'()*+(,-.

! %$&*,*! %%&*,*&'()*+(,-# " /*00,).

!"#$%0-'5-6&

./$0(%6&,1 '"+ %7&,'8

9:0(:

4;<;+=

./$0(%0&,1 ./$0(%7&,1

!"#

$%&'()*

! 1=($0:+*($+"/#$6

'"+ %0&,'5 ./$0(%.&,1

./$0(%15&,1./$0(%%5&,1 '"+ %15&,0

'"+ %0&,6 '"+ %7&,.

!"#$%15-0-%5&

!"#$%7-'8-.&

./$0(%'>&,1./$0(%'?&,1./$0(%'5&,4./$0(%'8&,4
./$0(%0&,4./$0(%7&,4**./$0(%.&,1 ./$0(%6&,1
'"+ %0&,'5 '"+ %7&,'8 '"+ %.&,7 '"+ %6&,0

%5@.
%5@6

'5

'> '?

0
6

'8
7
.

.6
70



!"#$ %!"#$"#%&
'($)*'"+ %! &,$-./$0(%! &,1-./$0(%%&,1
$22)*'"+ %! &3 %-./$0(%$&3 1-./$0(%%&3 4

! %! &*,*&'()*+(,-.

! %$&*,*! %%&*,*&'()*+(,-# " /*00,).

!"#$%0-'5-6&

./$0(%6&,1 '"+ %7&,'8

9:0(:

4;<;+=

./$0(%0&,1 ./$0(%7&,1

!"#$%7-'8-.&

!"!

#$%&'()

! >+: :=($0:*=0+*:?"*($+"/#$(+)
! @<*"(6$(;<A*."<+:(0;<:-*0<6*%8B6

! C<6 :=($0:*=0+*:=($$*($+"/#$(+)
! 1?"*"(6$(;<A*."<+:(0;<:+-*0<6*%8B0

! 5(6 :=($0:*=0+*"<$)*%8B.

'"+ %0&,'5 ./$0(%.&,1

!"#$%18-7-%8&

./$0(%15&,1 ./$0(%18&,1./$0(%%5&,1 ./$0(%%8&,1'"+ %18&,7'"+ %15&,0

'"+ %0&,6 '"+ %7&,.

9:0(:

!"#$%15-0-%5&

%5B.
%5B6

2

3

4

'5

'> 'C

0
6

'8
7
.

.6
70



!"#$ %!"#$"#%&
'($)*'"+ %! &,$-./$0(%! &,1-./$0(%%&,1
$22)*'"+ %! &3 %-./$0(%$&3 1-./$0(%%&3 4

! %! &*,*&'()*+(,-.

! %$&*,*! %%&*,*&'()*+(,-# " /*00,).

!"#$%15-0-%5&

!"#$%0-'5-6&

./$0(%6&,1 '"+ %7&,'8

9:0(:

4;<;+=

./$0(%0&,1 ./$0(%7&,1

!"#$%7-'8-.&

142

Example

• >$+"/#$*:=$*:=($$*:=($0:+*?+;<@*
;<$A?0/;:B*."<+:(0;<:+

'"+ %0&,'5 ./$0(%.&,1

!"#$%18-7-%8&

./$0(%15&,1 ./$0(%18&,1./$0(%%5&,1 ./$0(%%8&,1'"+ %18&,7'"+ %15&,0

'"+ %0&,6 '"+ %7&,.

%8C0
%8C.
%8C6

%5C.
%5C6

'5

'D 'E

0
6

'8
7
.

.6
70



!"#$ %!"#$"#%&
'($)*'"+ %! &,$-./$0(%! &,1-./$0(%%&,1
$22)*'"+ %! &3 %-./$0(%$&3 1-./$0(%%&3 4

! %! &*,*&'()*+(,-.

! %$&*,*! %%&*,*&'()*+(,-# " /*00,).

!"#$%0-'5-6&

./$0(%6&,1 '"+ %7&,'8

9:0(:

4;<;+=

./$0(%0&,1 ./$0(%7&,1

!"#$%7-'8-.&

!"#

$%&'()*

! >$+"/#$*2;#$*"'$<*?"0/+*@+;<?*
:=$*9:0(: 0.:;"<
! +@7+:;:@:$

15, 6-**18, . -*%5, 'A

'"+ %0&,'5 ./$0(%.&,1

!"#$%6-0-'A& !"#$%.-7-%8&
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A Weak Pruning Technique

• Can prune all partial plans of ! or more actions, where ! = #
• Not very helpful

156

“I’m not sure whether there’s a good pruning 
technique for plan-space planning.”

– Dana Nau

APA - Deterministic
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