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2.4 Backward Search

e Forward search: forward from initial state
» In state s, choose applicable action a
» Compute state transition s’ = y(s,a)
e Backward search: backward from the goal
> For goal g, choose relevant action a
e A possible “last action” before the goal

e Sometimes this has a lower branching factor

e Compute inverse state transition g'=vy~1(g,a)

» g'=properties a state s’ should satisfy in order
for y(s' a) to satisfy g

e Equivalently, if S, = {all states that satisfy g} then
> S, = {all states s such that y(s,a) € S}
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e five load actions, two move actions
» Backward: g = {loc(r1)=d3}

e two relevant actions:

move(rl,d1,d3), move(rl,d2,d3)



Relevance 43

rl

e Idea: when can a be useful as the last action of a plan to S e e —
achieve g? cl1lc21c3 /L O 0 oy
> a makes at least one atom in g true that wasn’t true already d1 d2

s = {loc(c1)=d1, loc(c2)=d1, loc(c3)=d1,
loc(r1)=d2, cargo(rl)=nil,
loc(r2)=d2, cargo(r2)=nil}

> a doesn’t make any part of g false

® ais relevant for g = {x,=c;, x,=cC», ..., x;=c;} 1f

> at least one atom 1in g is also in eff(a)

* e.g.ifetl{e) contamns x, —c, e ZI))re: cargo(r)=nil, loc(r)=1, loc(c)~I
> eff(a) doesn’t make any atom in g false eff: cargo(r) — c, loc(c) — r

e ¢.g., eff(a) must not contain x, «—c,” (wWhere ¢," # ¢,)
» whenever pre(a) requires an atom of g to be false, %

eff(a) makes the atom true /]

rd U cl |
e e¢.g., if pre(a) contains x; =c;3’ (where ¢;' # ¢3), / /0 33 00/2%

then eff(a) must contain x; «— c; g = {cargo(rl)=cl, loc(r1)=d3}
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Relevance

move(r,[,m)
pre: loc(r)=[, adjacent(/,m)

] ds eff: loc(r) «— m
rl
7 ao/ (2 load(r,c,/)
< ;i =N/ 4 Odz ° Y pre: cargo(r)=nil, loc(r)=1, loc(c)=I

eff: cargo(r) < c, loc(c) «—r

s = {loc(c1)=d1, loc(c2)=d1, loc(c3)=d1,
loc(r1)=d2, cargo(rl)=nil,
loc(r2)=d2, cargo(r2)=nil}

adjacent={(d1,d2), (d1,d3), (d2,d1),
(d2,d3), (d3,d1), (d3,d2)}

/

ri

J

Cl\]/

L

o7

g ={cargo(rl)=cl, loc(rl)=d3}
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put(r,/,c)
pre: loc(r)=[, loc(c)=r
eff: cargo(r) < nil, loc(c) « [

Range(r) = Robots = {rl,r2}
Range(/) = Range(m) = Locs = {d1,d2,d3}
Range(c) = Containers = {c1,c2,c3}

Poll: for each action below, is it relevant for g?
load(rl,c1,d1) load(rl,c1,d2) put(r2,c1,d3)
move(rl,d1,d3) move(rl,d3,d1) move(rl,d2,d3)



Inverse State Transitions

e If g is relevant for g, then y!(g,a) = pre(a) U (g — eff(a))

e Ifaisn’trelevant for g, then y!(g,a) is undefined

e Example:
» g = {loc(cl)=r1}

> What is y (g, load(rl,c1,d3))?
> What is y (g, load(r2,c1,d1))?

cl

c2

c3

o4
y
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dl

r2

move(r,[,m)
pre: loc(r)=[, adjacent(/,m)
eff: loc(r) «— m

load(r,c,/)
pre: cargo(r)=nil, loc(r)=l, loc(c)=I
eff: cargo(r) < ¢, loc(c) «—r

put(r,/,c)
pre: loc(r)=/, loc(c)=r
eff: cargo(r) < nil, loc(c) « [

Range(r) = Robots
Range(/) = Range(m) = Locs

Range(c) = Containers



Backward Search

Backward-search (%, sq, go)

T ); 94 9o (i)

loop
if so satisfies g then return 7
A"+ {a € A | a is relevant for g}
if A’ = @& then return failure
nondeterministically choose a € A’
g9+ (g, 0) (ii)
T aw (iii)
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Cycle checking:
e After line (i), put Visited < {g,}
e After line (iii), put this:
if g € Visited then
return failure
Visited < Visited U {g}
or this:
if g’ € Visited s.t. g = g'then
return failure
Visited < Visited U {g}

e With cycle checking, sound and complete

> If (2, 59, gp) 1s solvable, then at least one
execution trace will find a solution



Branching Factor

e Motivation for Backward-search was to reduce the branching factor

> As written, doesn’t accomplish that /
e Solve this by /ifting: d7
» When possible, leave
variables uninstantiated d5 /Z e /
> Most implementations of /
Backward-search do this /Z
d4 43 /
1,d1,d3 1
move(r ) Or . — / /
move(rl,d2,d3) dl / d2

move(rl,d4,d3)

y 1 )&= {loc(r1)=d3}
-1

move(rl,y,d3) =— g = {loc(rl)=d3}

move(rl,d7,d3)
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Lifted Backward SearCh Backward-search (X, sg, o)

e [.ike Backward-search but much smaller

branching factor

e Must keep track of what values were if A’ = @ then return failure
substituted for which parameters nondeterministically choose a € A’
: : ~1
» I won’t discuss the details g7 (g0

» PSP (later) does something similar

For classical planning,
this can be simplified
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T (); g9+ 9o

loop
if sg satisfies g then return
A"+ {a € A | a is relevant for g}

T< a.m

Lifted-backward-search( 4, sq. g)

—

i<

loop

the empty plan

If s satisfies g then return
A «— {(o.#)|o is a standardization of an action template in 4,

# is an mgu for an atom of g and an atom of effects ™ (0},
and v 1(0(g).0(0)) is defined}

if A = () then return failure
nondeterministically choose a pair (0.0) € A
7 «— the concatenation of #(0) and #(m)

g -

v~ 1(0(g),0(0))

s
/




Summary

e 2.4 Backward State-Space Search
> Relevance, y!

» Backward search, cycle checking
» Lifted backward search (briefly)
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Outline
Chapter 2, part a (chap2a.pdf):

2.1  State-variable representation
—  Comparison with PDDL
2.2 Forward state-space search

2.6  Incorporating planning into an actor

Chapter 2, part b (chap2b.pdf):
2.3 Heuristic functions
2.7.7 HTN planning

Chapter 2, part ¢ (chap2c.pdf):
2.4  Backward search
Next — 2.5 Plan-space search

Additional slides:
2.7.8 LTL_planning.pdf
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2.5 Plan-Space Search

e Formulate planning as a constraint satisfaction problem
» Use constraint-satisfaction techniques to get solutions that are more flexible than ordinary plans
e E.g., plans in which the actions are partially ordered
e Postpone ordering decisions until the plan is being executed
» the actor may have a better idea about which ordering is best

e First step toward temporal planning (Chapter 4)

e Basic idea:
» Backward search from the goal
» Each node of the search space 1s a partial plan that contains flaws
e Remove the flaws by making refinements
» If successful, we’ll get a partially ordered solution
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Definitions

e Partially ordered plan

> partially ordered set of nodes

» each node contains an action

® Partially ordered solution for a planning problem P

» partially ordered plan 7 such that every total ordering
of 7 is a solution for P

Poll. Let P be the planning problem at right,
and 7 be the partially ordered plan below. Is &
a partially ordered solution for P?

precedence
constraints:
a < asz, a; < dy,
ar, < dz, Ay < Ay

ap.

move(rl,d1,d3)

as.

asr.

move(rl,d3,d2)

move(r2,d2,d4)

ay.
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move(r2,d4,d1)

move(r, d, d")
pre: loc(r) = d, occupied(d’) = nil
eff: loc(r) «— d', occupied(d’) < r, occupied(d) < nil

Range(r) = Robots
Range(d) =Range(d") = Docks

jrl 21—
00O 0 O O O
dl d2
da
g \ Y
| r2 rl | J——
OO (@) O O [@0)
dl d2
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Definitions

e Partial plan

» partially ordered set of nodes that
contain partially instantiated actions

> inequality constraints, €.g. z # x or w # p1l
» causal links (dashed arcs)

e constraint: action a must be the action that
establishes action b’s precondition p

. s |0C r1)—x} «— preconditions

v

move(rl, d1, x)

effects — { loc(rl)=x-"

move(rl, x, d2)
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move(r, d, d")
pre: loc(r) = d, occupied(d’) = nil
eff: loc(r) «— d', occupied(d’) < r, occupied(d) < nil

Range(r) = Robots
Range(d) =Range(d") = Docks

jrl 21—
00O 0 O O O
dl d2
da
g \ Y
| r2 rl | J——
0O O (@) O O [@0)
dl d2
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Flaws: 1. Open Goals

e Action b, precondition p

> p1s an open goal if there is no causal link for p

e Resolve the flaw by creating a causal link

move(r, d, d")

pre: loc(r) = d, occupied(d’) = nil

eff: loc(r) «— d', occupied(d’) < r, occupied(d) < nil

» Find an action a (either already in 7z, or add it to x) that

can establish p

e can precede b

e can have p as an effect

» Do substitutions on variables to make a assert p

» Add an ordering constraint a < b

» Create a causal link from a to p

move(rl, d1, x)

loc(rl)=x

effects — {

Ioc(rl)—x} «— preconditions

move(rl, x, d2)
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substitute
r<—rl

B

Range(r) = Robots

Range(d) =Range(d") = Docks

r2 (U ~

» loc(rl)=x

move(rl, d1, x)

loc(rl)=x -~

\ 4

move(rl, x, d2)
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Flaws: 2. Threats

e Let/Dbe acausal link from an effect of action a
to a precondition p of action b

e Action c threatens [ if c may come between a and b
and ¢ may affect p

> “c may come between a and 5 means the plan’s
current ordering constraints don’t prevent it

e plan doesn’t already have c < aorb < c
> “c may affect p” means

e can substitute values for variables such that ¢’s
effects either make p true or make p false

Poll. In each of the cases at right, does action ¢
threaten the causal link?

Nau — Lecture slides for Automated Planning and Acting

c: move(r, d2,y)

,-» loc(rl)=x

a: move(rl, d1, x)

loc(rl)=x -~

\ 4

b: move(rl, x,d2)

c: move(r, d2,y)

loc(rl)=x

a: move(rl, d1,x)

loc(rl)=x

A 4

b: move(rl, x,d2)

c: move(r, d2,y)
C: (_)
a: move(rl, d1,x)

,-» loc(rl)=x

loc(rl)=x -~

A 4

b: move(rl, x,d2)

c: move(r2,d2,y)

,-» loc(rl)=x

a: move(rl, d1,x)

loc(rl)=x -~

A 4

b: move(rl, x,d2)
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Resolving Threats

e Suppose action c threatens a causal link /
from an effect of action a
to a precondition p of action b

e Three possible resolvers:
1. Add a precedence constraint ¢ < a
2. Add a precedence constraint b < ¢

3. Add inequality constraints that prevent ¢
from affecting p

e FEach of these is applicable iff it doesn’t make the plan
inconsistent

> e.g., 2 1sn’t applicable if the plan already has ¢ < b
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c: move(r, d2,y)

loc(r)=y -~

threat
-. »1 P

1
I

v loc(rl)=x

\ 4

a: move(rl, d1, x)

loc(rl)=x -

c: move(r, d2,y)

loc(r)=y

/
-

T
1
/

b: move(rl, x, d2)

resolver: ¢ < a

,-» loc(rl)=x

a: move(rl, d1, x)

loc(rl)=x -

c: move(r, d2,y)

loc(r)=y

4
-’

\ 4

b: move(rl, x, d2)

resolver: r #rl

,-» loc(rl)=x

A 4

a: move(rl, d1, x)

loc(rl)=x -

7/
’

b: move(rl, x, d2)
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PSE)(O% ) PSP Algorlthm &o d3 %/

if Flaws(m) = & then return 7
arbitrarily select f € Flaws() 0O Qg O O O O
R + {all feasible resolvers for f}
if R = & then return failure

nondeterministically choose p € R

™ 4 p(m)
e select — loc(r1) = d2
loc(r2) = di
e 2 open goals a, > a,
® no threats loc(r1) = d1
loc(r2) = d2
occupied(d3) = nil
occupied(d1) =r1
occupied(d2) =r2
move(r; d, d')

pre: loc(r) = d, occupied(d’) = nil
eff: loc(r) «— d', occupied(d’) = r, occupied(d) = nil
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PSP{,7)
loop
if Flaws(m) = & then return 7
arbitrarily select f € Flaws()
R + {all feasible resolvers for f}
if R = & then return failure
nondeterministically choose p € R

PSP Algorithm

loc(r1) =d

occupied(d2) = nil

a, = move(r1,d,d2)
loc(r1) =d2---___
occupied(d) = nil
occupied(d2) = r1

only resolver:
causal link from
a new action

-------- >loc(r1) =d2
loc(r2) = d1

—»la

™+ p(m)
return
e 3 open goals a,
® no threats loc(r1) = d1
loc(r2) = d2

occupied(d3) = nil
occupied(d1) =r1
occupied(d2) =r2

move(r, d, d)
pre: loc(r) = d, occupied(d’) = nil
eff: loc(r) «— d', occupied(d’) = r, occupied(d) = nil
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for every action
ag<a< a,

select

a,

Poll. Above, I said “only resolver”. Is that correct?

19



PSP{,7)
loop
if Flaws(m) = & then return 7
arbitrarily select f € Flaws()
R + {all feasible resolvers for f}
if R = & then return failure
nondeterministically choose p € R

PSP Algorithm

loc(r1) =d
select — occupied(d2) = nil

only resolver:

a, = move(rl,d,d2)

causal link from

T+ p(7) oc(r1) = d2---_ a new action
ToMr occupied(d) = nil N ----t >loc(r1) = d2
occupied(d2) = r1 _»loc(r2) = d1
e 4 open goals a, \ > a,
e no threats loc(r1) = d1
loc(r2) = d2 occupied(d1) = nil -~

occupied(d3) = nil
occupied(d1) = r1
occupied(d2) =r2

move(r, d, d)
pre: loc(r) = d, occupied(d’) = nil
eff: loc(r) «— d', occupied(d’) = r, occupied(d) = nil
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loc(r2) = d' \

a, = move(r2,d'd1) |/
loc(r2) =dt-—"""
occupied(d) = nil
occupied(dl) =r2
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PSP(X, )
loop

PSP Algorithm

d3

if F laws‘(w) = & then return 7 only resglver: & el
arbitrarily select f € Flaws() causal link from Self“ oo O SIS CRNCS
R « {all feasible resolvers for f}  @newaction loc(r1) = d
=9 t.htfm .return failure «occupied(d2) = nil
nondeterministically choose p € R - a, = move(r1,d,d2)
m 4 p() loc(r1) =d2-——____
LRIMERT occupied(d) = il Ng----- > loc(r1) = d2
. .occupied(d2) = r1 ~»loc(r2) = d1
e 5 open goals a, = —> a,
e | threat loc(r1) = d1 /‘Ehr/eat
loc(r2) = d2 loc(r) = d2 occupied(d1) = nil N
occupied(d3) = nik occupied(d") = nil ~Toc(r2) = d’ \
occupied(d1) = r1 a; = move(r,d2,d") /'\’ a, = move(r2,d'd1) /,"
occupied(d2) = r2 loc(r) =d"™ v loc(r2) =d1---"~ ’
occupied(d2) = nil”’ occupied(d)) = nil
occupied(d”) = r occupied(d1) =r2
move(r, d, d)

pre: loc(r) = d, occupied(d’) = nil

eff: loc(r) «— d', occupied(d’) = r, occupied(d) = nil
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Poll: does a; threaten a,’s precondition loc(rl)=d?
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PSE)(OZI:)’ ) PSP Algorlthm &o d3 %/

if Flaws(mw) = @ then return 7 causal link from ay, with 7 2 ==
arbitrarily select f € Flaws() substitution d«—d1 0o Qo O O O
; dl d2
R + {all feasible resolvers for f} v loc(r) = d
ifR=g t.h<.en.return failure ¢occupied(d2) = nil
nondeterministically choose p € R ¥ - a, = move(r1,d1,d2)
T € p(ﬂ-) //,;elect ‘\\ |Oc(r‘|) — d2\\“~§\s
ISt AT NN occupied(dl) = nil T TNgm----- >loc(r1) = d2
/ threat . \occupied(d2) = r1 _»loc(r2) = d1
e 4 open goals a, \-\ - : —>(a,
N \ ) threat” ™,
e 2 threats loc(r1) = d1 \ e .
loc(r2) = d2 loc(r) = d2 occupied(d1) = nil \c--.
occupied(d3) = n\_ occupied(d") = nil \..- Toc(r2) = d' \
occupied(d1) = r1 ay = move(r,d2,d") " \ a, = move(r2,d'd1)| |
occupied(d2) =r2 loc(r) =d™ v loc(r2) =d1---~~ ]
occupied(d2) = nil”’ occupied(d) = nil
occupied(d”) = r occupied(d1) =r2
move(z, d, d")
pre: loc(r) = d, occupied(d”) = nil Poll: does a; threaten the causal link for a,’s precondition loc(rl)=d2?

eff: loc(r) «— d', occupied(d’) = r, occupied(d) = nil
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PSP ()
loop
if Flaws(m) = & then return 7
arbitrarily select f € Flaws()
R + {all feasible resolvers for f}
if R = & then return failure
nondeterministically choose p € R

PSP Algorithm

/,/vloc(r1) = d1
/" «occupied(d2) = nil
- a, = move(r1,d1,d2)

T+ p(7) loc(r1) =d2----___
TECUEN 7 occupied(d1) = nil T Ngo---- >loc(r1) = d2
/ threat . \.occupied(d2) = r1 _»loc(r2) = d1
e 4 open goals a, e a - a,
o 1 threat oc(r1) = d seipet 2
loc(r2) = d2 loc(r) = d2 occupied(d1) = nil ;-
Constraint: 7 #rl occupied(d3) = n\_  occupied(d") = nil ~Toc(r2) = d’
occupied(d1) = r1 a, = move(r,d2,d" a, = move(r2,d\d1)| |
occupied(d2) = r2 loc(r) =d"™ v loc(r2) =d1--——" ”

move(r, d, d)
pre: loc(r) = d, occupied(d’) = nil

eff: loc(r) «— d', occupied(d’) = r, occupied(d) = nil
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occupied(d’) = nil
occupied(d1) =r2

occupied(d2) = nil”’
occupied(d”) = r
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PSE)(O% ) PSP Algorlthm &o d3 %/

if Flaws(m) = & then return 7
i : qrl 20—
arbitrarily select f € Flaws() 0O Qg O O O O
: dl d2
B + {all feasible resolv_ers for f} __wloc(r) = df
if =0 t.h<.3n.return failure 4occupled(d2) — nil
nondeterministically choose p € R / = move(r1,d1,d2)
m 4 p(m) Ioc(r1) d2---.
T occupied(dl) = n|I NG (r1) =d2
. \occupied(d2) = r1 (r2) = d1
e 3 open goals a, AL > a,
o 1 threat loc(r1) = di select — threat'\
loc(r2) = d2----x--- >loc(r2) = d2 occupled(d1) = n|I N
Constramntr=rl occupied(d3) = ni\ | occupied(d") = nil _~loc(r2) = d' \‘.
occupied(d1) =r1  T™*la; = move(r2,d2,d ") a, = move(r2,d d1)| |
occupied(d2) =r2 loc(r2) =d™ v loc(r2) =d1--—"~ ]
occupied(d2) = nil”’ occupied(d) = nil
occupied(d’) = r2 occupied(d1) =r2
move(r, d, d)
pre: loc(r) = d, occupied(d’) = nil causal link from a

eff: loc(r) < d’, occupied(d’) = r, occupied(d) = nil "W/ substitution rr2
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PSE)(OZI:)’ ) PSP Algorlthm &o d3 %/

if Flaws(m) = & then return 7

qrl R
arbitrarily select f € Flaws() o o o SIS CRNCS
R + {all feasible resolvers for f} _wloc(r1) = di
if R = & then return failure ”

/" «occupied(d2) = nil

nondeterministically choose p € R / a, = move(r1,d1,d2)
1 - ) )

m 4 p(m) loc(rl) =d2---____
R occupied(d1) = nil  NNgm----- »loc(r1) = d2
. \.occupied(d2) = r1 _»loc(r2) = d1
e 3 open goals a, e — - a,

e no threats loc(r1) = d1
loc(r2) = d2----\x--- »loc(r2) = d2
occupied(d3) = n\_  occupied(d") = nil
occupied(d1) = r1 a, = move(r2,d2,d")

occupied(d1) = nif
loc(r2) =d' <« select \ \
a, = move(r2,d'd1)| /

occupied(d2) = r2 loc(r2) = d" v loc(r2) =d1--——" ]
occupied(d2) = nil”’ occupied(d’) = nil
occupied(d’) = r2 occupied(d1) =r2

move(r, d, d)
pre: loc(r) = d, occupied(d’) = nil
eff: loc(r) «— d', occupied(d’) = r, occupied(d) = nil
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PSP(X, m)
loop

PSP Algorithm

if Flaws(m) = & then return 7
arbitrarily select f € Flaws()

R + {all feasible resolvers for f}
if R = & then return failure

nondeterministically choose p € R

m < p(m)
return o

e 2 open goals

® no threats

move(r, d, d)
pre: loc(r) = d, occupied(d’) = nil

_wloc(r1) = d1
«occupied(d2) = nil
- a, = move(r1,d1,d2)

-
-

loc(r1) =d2---.__

occupied(d1) = nil ~N------ »loc(r1) = d2

occupied(d2) = r1 -»loc(r2) = d1
CZO A - ag
loc(r1) = d1 select

loc(r2) = d2----\--- »loc(r2) = d2
occupied(d) = nil

occupied(d3) = ni
occupied(d1) = r1
occupied(d2) =r2

eff: loc(r) «— d', occupied(d’) = r, occupied(d) = nil
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occupied(d1) = nil X---_

I,Ioc(r2) =d' \
a, = move(r2,d'd1)| /

a; = move(r2,d2,d ) f—~——

loc(r2) =d’ -7~ loc(r2) =d1---"""
occupied(d2) = nil”’ occupied(d’) = nil
occupied(d) =r2 occupied(d1) =r2

causal link from a
with substitution d''«— d’'
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PSE)(OZI:)’ ) PSP Algorlthm &o d3 %/

if Flaws(m) = & then return 7

qrl R\~
arbitrarily select f € Flaws(m) oo O SERNSRRSS
R + {all feasible resolvers for f} _wloc(r1) = d1
if R = & then return failure o

/ «occupied(d2) = nil

nondeterministically choose p € R / a, = move(ri,d1,d2)
1 - ) )

m ¢ p(m) loc(r1) =d2----___
T occupied(dl) = nil\: -------- »>loc(r1) =d2
occupied(d2) =r1 /) Wrz =d1
e 1 open goal a, e ' —|a,
e no threats loc(r1) = d1 ) ,\
loc(r2) = d2----x--- ' “occupied(d1) = nil o~
occupied(d3) = n\  occupied(d) = nil \ floc(r2) =d' 3
occupied(d1) = r1 a; = move(r2,d2,d)f— a, = move(r2,d'd1) /,"
occupied(d2) = r2 loc(r2) =d'--—-—-—--""" loc(r2) = d1--—" ’
occupied(d2) = nil”’ occupied(d) = nil
move(s; d. d) occupied(d) =r2 occupied(d1) =r2

pre: loc(r) = d, occupied(d’) = nil
eff: loc(r) «— d', occupied(d’) = r, occupied(d) = nil

Nau — Lecture slides for Automated Planning and Acting 27



S 2y [
PIF;(OZIJ) ) PSP Algorithm & i %/

if Flaws(m) = & then return 7

Jrl R u—
arbitrarily select f € Flaws(m) o o o SERNSRRSS
R + {all feasible resolvers for f} _wloc(r1) = d1
if R = & then return failure -

/" ¢occupied(d2) = nil
- a, = move(r1,d1,d2)

nondeterministically choose p € R /

m < p(m) loc(r1) =d2---____
TESUEI 7 occupied(d1) = niI\: -------
occupied(d2) = r1

® no open goals a,

e no threats loc(r1) = d1
loc(r2) = d2----x--- »loc(r2) = d2

e we’re done occupied(d3) = ni- > occupied(d3) = nil <loc(r2) = d3
occupied(d1) =r1 "T*|a; = move(r2,d2,d3) f——>a, = move(r2,d3,d1)| /
occupied(d2) =r2 loc(r2) = d3------- L, loc(r2) =d1--"""
occupied(d2) = nil”’ occupied(d3) = nil
move(r d. ) occupied(d3) =r2 occupied(d1) =r2

causal link from a

pre: loc(r) = d, occupied(d’) = nil with substitution d'—d3

eff: loc(r) «— d', occupied(d’) = r, occupied(d) = nil
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PSP(X, m)
loop

if Flaws(m) = & then return 7
arbitrarily select f € Flaws()

R + {all feasible resolvers for f}
if R = & then return failure
nondeterministically choose p € R

m < p(m)
return o

@ The solution we found:

® Another:

e Infinitely many others

move(r, d, d)
pre: loc(r) = d, occupied(d’) = nil

PSP Algorithm

move(r2,d2,d3)

move(ri1,d1,d2)

>

move(r2,d2,d3)

move(ri1,d1,d2)

2 J——

—>move(r2,d3,d1)

(move(ﬂ ,d2,d3)

move(r2,d1,d2)

move(r2,d3,db

move(r1 ,d3,d1D

move(r2,d2,d3)

eff: loc(r) «— d', occupied(d’) = r, occupied(d) = nil
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move(r1,d1,d2)

—>move(r2,d3,d1)

— U
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PSP(Z, ) PSP Algorithm A
loop D
if Flaws(m) = & then return 7
; : qrl 20—
arbitrarily select f € Flaws() o o 9
R + {all feasible resolvers for f}
if R = & then return failure
nondeterministically choose p € R
m  p(r) ad
return
® Add another location to the initial state
e Still have all of the solutions on the previous page
e This time, PSP also can return partially-ordered solutions
move(rl,d1,d3) move(rl,d3,d2)
dp > dg
move(r2,d2,d4) move(r2,d4,d1)
move(r, d, d)

pre: loc(r) = d, occupied(d’) = nil
eff: loc(r) «— d', occupied(d’) = r, occupied(d) = nil
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PSP(%, )

loop
if Flaws(m) = @ then return =
arbitrarily select f € Flaws()
R + {all feasible resolvers for f}
if R = & then return failure
nondeterministically choose p € R
™ < p(m)

return

e Sclecting a flaw to resolve in PSP =
selecting a variable to instantiate in a CSP

» AND-branch in both cases
e Fewest Alternatives First (FAF):
» select flaw with fewest resolvers

~ Minimum Remaining Values
(MRYV) heuristic for CSPs

move(r, d, d)
pre: loc(r) = d, occupied(d’) = nil
eff: loc(r) «— d', occupied(d’) = r, occupied(d) = nil
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Selecting a Flaw

loc(r1) =d
occupied(d2) = nil
a, = move(rl,d,d2)

loc(r1) =d2----___

occupied(d) = nil  N------ (r1) = d2

occupied(d2) = r1 c»loc(r2) = di
dy \ > a,
loc(r1) = di
loc(r2) = d2 occupied(d1) = nil Xc~<_

occupied(d3) = nil

occupied(d1) =r1
occupied(d2) =r2

Poll: which flaw would FAF select first?

m o aw»

loc(r2) = d' \
a, = move(r2,d'd1)
loc(r2) =dt-—-""

occupied(d’) = nil
occupied(d1) =r2
loc(rl)=d

occupied(d2) = nil

occupied(d2) = nil

loc(r2)=d'

no preference
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PSP(%, )

loop
if Flaws(m) = @ then return =
arbitrarily select f € Flaws()
R + {all feasible resolvers for f}
if R = & then return failure
nondeterministically choose p € R
™ < p(m)

return

e Choosing a resolver for a flaw =
assigning a value to a variable in a CSP

» In both cases, an OR-branch
e [east Constraining Resolver (LCR):

» prefer resolver that rules out the
fewest resolvers for the other flaws

~ Least Constraining Value (LCV)
heuristic for CSPs

move(r, d, d)
pre: loc(r) = d, occupied(d’) = nil

eff: loc(r) «— d', occupied(d’) = r, occupied(d) = nil
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Choosing a Resolver

loc(r1) =d
_«occupfed(d2) = nil
——»la, =nove(r1,d,d2)

\ log(r1) =d2---____
occupied(d) = nil  N----- »loc(r1)
. \occupied(d2) = r1 ~»loc(r2)
d = S > —>
loc(r1) = di TN
loc(r2) = d2 loc(r) = d2 occupied(d1) = nil X~

~Toc(r2) = d'

' a, = move(r2,d'd1
loc(r2) =d1--"-"" ”
occupied(d’) = nil
occupied(d1) =r2

occupied(d3) = n occupied(d”) = nil

occupied(d1) =r1 a, = move(r,d2,d")

occupied(d2) =r2 loc(r) =d"
occupied(d2) = nil”’
occupied(d”) = r

N

Poll: for loc(rl)=d in a; , which resolver would LCR choose first?
A. causal link from a new action
B. causal link from a,, with substitution d«—d1
C. causal link from a5, with substitutions r<—r1, d"«—d

D. no preference




PSP(X, )

loop Choosing a Resolver

if Flaws(m) = @ then return =
arbitrarily select f € Flaws()
R + {all feasible resolvers for f}
if R = & then return failure
nondeterministically choose p € R
™ < p(m)

return

st Constraining Resolver (LC

e Problem (in PSP but not in CSPs):

» LCR can keep adding new actions forever

Perhaps this might work:
® Avoid New Actions (ANA) heuristic:
» prefer resolvers that don’t add new actions

» use LCR as tie-breaker
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_wloc(r1) = di
_«0ccupied(d2) = nil
- a, = move(r1,d1,d2)

-
-
g

\ loc(r1) =d2---____

\ occupied(d1) = nil
. \.occupied(d2) =r1

-~

aO / \‘ S~ V\\\
loc(r1) = d1 | TN
loc(r2) = d2 log(r) = d2 occupied(d1) = nil X;--.

occupied(d3) = ni

océ‘ypied(d”) = nil

—Toc

occupied(d1) =r1

ay = move(r,d2,d") -

occupied(d2) =r2

Toc() = d™ \
occupied(d2) = nil”’
occupied(d”) = r

(r2) =d'
a, = move(r2,d’,d1)
loc(r2) =d1---"" i

occupied(d) = nil
occupied(d1) =r2
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PSP(X, )

loop Choosing a Resolver

if Flaws(m) = @ then return =
arbitrarily select f € Flaws()

R + {all feasible resolvers for f}
if R = & then return failure

loc(r1) =d
occupied(d2) = nil
a, = move(rl,d,d2)

nondeterministically choose p € R Ioc(r1). = dz\\_‘\ N
occupied(d) = nil T----- (r1) =d2
T+ p(m) .
occupied(d2) = r1 c»loc(r2) = di
return m
a \ > a,
o st Constraining Resolver (LC loc(r1) = d1
loc(r2) = d2 occupied(d1) = nil X>~-_

occupied(d3) = nil
occupied(d1) =r1
lue (LCV) occupied(d2) =r2

e Problem (in PSP but not in CSPs):

» LCR can keep adding new actions forever

loc(r2) = d' \
a, = move(r2,d'd1)
loc(r2) =dt-—-""

occupied(d’) = nil
occupied(d1) =r2

e Problem: ANA will prefer these two choices:

» For loc(rl)=d in a;, use action a, with substitution d<—d1

Perhaps this might work: » For loc(r2)=d' in a,, use action ay with substitution d'<—d?2
e Avoid New Actions (ANA) heuristic: > a;=move(rl,d1,d2); a, = move(r2,d2,d1)

> prefer resolvers that don’t add new actions e Makes the problem unsolvable = need to backtrack

» use LCR as tie-breaker ® Perhaps use ANA anyway?
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Discussion

e Problem: how to prune infinitely long paths in the search space?
» Loop detection is based on recognizing states

or goals we’ve seen before
> Partially ordered plan: don’t know the states

e Prune if  contains the same action more than once?
(al, a2, ...,al, ...)
» No. Sometimes need the same action again in another state
e ¢.g., Towers of Hanoi: move disk1 from pegl to peg2

e Weak pruning technique
> Prune all partial plans that contain more than |S| actions
> Not very helpful

e | don’t know whether there’s a better pruning technique
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Summary

e 2.5 Plan-Space Search
> Definitions
e Partially ordered plans and solutions
e partial plans
e causal links
> flaws:
e open goals
e threats
> resolvers
> PSP algorithm
e long example

e brief discussion of node-selection heuristics, pruning techniques
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