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8.2.1. Planning as State-Space Search

Two approaches to searching for a plan #ZitxIghmE#h7S =

[1 1) Forward state-space search sz
M starting in the initial state,
MRS TR,
N ——— , .
M using the problem’s actions,
1z iz e @ e s,
M search forward for a member of the goal states.
BAE— 1 BinRSEEHEER.

O At(P4, B)
Fly(P,, A, B) — Al P, A)
AP, A)
Al(P,, A) —
Fly(P, A, B) Al(Py, A)
Al(P», B)
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8.2.1. Planning as State-Space Search

Two approaches to searching for a plan #ZitxIghmE#h7S =

[1 2) Backward relevant-states search mspixsziags

M starting at the set of states representing the goal,
MNRRIZBFRRRSE A,

M using the inverse of the actions,
1z A = [ B,

M search backward for the initial state.
BAEVIRIRESEERER.

Al(P,, A)
At(P,, B) i Y
At(P4, B)
:( Al(Ps, B) j
AH(P;, B) P IR
AH(P,, A)
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8.2.1. Planning as State-Space Search

Heuristics for planning X893 % %

L] Think of a search problem as a graph s zEmas—1E
B where the nodes are states and the edges are actions, to fiﬁ?j a path connecting
the initial state to a goal state.
HpmaRmRES BASE, SE—FERVBRSERNTBIRREHBRE.
[J Two ways to make this problem easier xia g wamsns
B adding edges iz
add more edges to the graph, making it easier to find a path.
EE LEMEZANE, 2T HHEI—FKBRER.
M state abstraction jx#s#is:
group multiple nodes together, form an abstraction of the state space that has

fewer states, thus is easier to search.
B2 TRBRE—E, EFREFERVIREHN—NMIREEEHR, NMESHEER.
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8.2.1. Planning as State-Space Search

Two heuristics by adding edges to the graph Els:RmiaamihE £ %

[1 1) Ignore-preconditions heuristic zmsgiess %

m Drop all preconditions from actions.
MFEMEF T BRI BT 1

_—

W Every action becomes applicable in every state, and any single goal fluent can

be achieved in one step.
BMMETRAMERTEMNE, HEEF—BHHFRTHALA—NPESI.

Example: 8-puzzle as a planning problem  s##m 551k % M%) 2155

Action(Slide(t, s, S,),
PRECOND: On(t, s,) /\ Tile(t) ks Aclinpont Lo o
EFFECT: On(t, s,) /\ Blank(s;) /\ *On(t s /\ *Blank(sz))

Removing the two preconditions, any tile can move in one action to any space, and get the number-of-misplaced-tiles heuristic.
FiEWN ARG E, EUHFATUR—aEREEETE, AMFREREFIMENBLE.
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8.2.1. Planning as State-Space Search

Two heuristics by adding edges to the graph Els:RmiaamihE £ %

[1 2) Ignore-delete-lists heuristic zesmipsms %%

B Remove the delete lists from all actions,
R ENE S RS R IRR 2%,
.e., removing all negative literals from effects.
B, MIERFMBFRENEEXE.

M That makes it possible to make monotonic progress towards goal:
I A 3 L T LA B 1 Bl A R
no action will ever undo progress made by another action.
EAMEBRRBEE R — IR
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8.2.2. Planning Graphs

What is a planning graph 4 Z#xIE

[ A directed graph organized into levels: @ame:xmameE:
W first, a level S, for initial state, consisting of nodes representing each fluent;
B, VIERESHEX S, B8 "RRE8NMTHIT=;
B then, a level A, consisting of nodes for each action may be applicable in S;
RiE, BR A, BaFEERTS, N8I siERTR;
B then, alternating levels S; followed by A;;
e, RBHENBRS,, BEERA ;
B until we reach a termination condition.
BRENE—PERES
L1 Work only for propositional planning problems 1x;zmF & sk ia
B ones with no variables.
L=,
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8.2.2. Planning Graphs

*i
nw

Al

Example 1: Have cake and eat cake too BZE#EFIZZ

Init(Have(Cake))
Goal(Have(Cake) /\ Eaten(Cake))
Action(Eat(Cake)

PRECOND: Have(Cake)
EFFeCT: = Have(Cake) /\ Eaten(Cake))

Action(Bake(Cake)
PRECOND: 7 Have(Cake)

EFFECT: Have(Cake))

1 Have(Cake)

Have(Cake) 1 Have(Cake) 1
— Have(Cake) X {1 — Have(Cake)
{1 Eaten(Cake)

Eaten(Cake)
— Eaten(Cake) — Eaten(Cake)

(.

— Eaten(Cake) ]
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The “have cake and eat cake
too” problem.
“EHEEMIZERE" O

The “have cake and eat cake

too” planning graph.
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8.2.2. Planning Graphs

GRAPH-PLAN algorithm GrapH-PLANE %

function GRAPH-PLAN(problem) returns solution or failure
graph < INITIAL-PLAN-GRAPH (problem)
goals < CoNsuncTs(problem.GOAL)
nogoods <—an empty hash table
fortl=0to o do
If goals all non-mutex in S; of graph then
solution «<— EXTRACT-SOLUTION(graph, goals, NUMLEVELS(graph), nogoods)
If solution # failure then return solution
If graph and nogoods have both leveled off then return failure
graph < EXPAND-GRAPH(graph, problem)

It calls EXPAND-GRAPH to add a level, until either a solution is found by EXTRACT-SOLUTION,
or no solution is possible.
B EXPAND-GRAPHRIE N —/Z, EEBTHHEXTRACT-SOLUTIONIX B —MiF, SE R BFIREFERNMRE.
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8.2.2. Planning Graphs

Example 2: Spare tire problem & % R4 a)55%

Init(Tire(Flat) /\ Tire(Spare) /\ At(Flat, Axle) /A At(Spare, Trunk))
Goal(At(Spare, Axle))
Action(Remove(obj, loc),
PRECOND: At(obj, loc)
EFFECT: — At(obj, loc) /\ At(obj, Ground))
Action(PutOn(t, Axle),
PRECOND: Tire(t) /\ At(t, Ground) /\ — At(Flat, Axle)
EFFECT: — At(t, Ground) /\ At(t, Axle))

Action(LeaveOvernight,
PRECOND:
EFFECT: — At(Spare, Ground) /\ — At(Spare, Axle) /\ — At(Spare, Trunk) /\
— At(Flat, Ground) /\ — At(Flat, Axle) /\ — At(Flat, Trunk))

The initial state has a flat tire on the axle and a good spare tire in the trunk, and the goal is

to have the spare tire properly mounted onto the car’s axle.
MRS REWM EE—NMENRBEHEARERES I FWERR, MBREEXNZREMBEESEME.
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8.2.2. Planning Graphs

Example 2: Planning graph for spare tire problem & mB#tpsiaIzaas# %)

At(Spare, Trunk) {1 At(Spare, Trunk) N At(Spare, Trunk)
\ \I Remove(Spare, Trunk)
Remove(Spare, Trunk) — At(Spare, Trunk) N —1 At(Spare, Trunk)

Remove(Flat Axle)

‘/I Remove(Flat, Axle)
At({Flat,Axle)

— At(Flat,Axle)

At(Flat,Axle) /

At(Flat,Axle)
— At(Flat,Axle)

LeaveOvernight

Il)&

= At(Spare,Axle) - — At(Spare,Axle) — At(Spare,Axle)
PutOn(Spare, Axle) At(Spare,Axle)
— Al(Flat, Ground) - — At{Fiat,Ground) W — At(Flat, Ground)
At(Flat,Ground) " At(Flat, Ground)
-1 At(Spare, Ground) ] — At(Spare,Ground) ] — At(Spare,Ground)
At(Spare, Ground) i At(Spare, Ground)
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8.2.3. Other Classical Planning Approaches

Other Approaches of Classical Planning B &% s8%175 5%

L] Four other influential approaches:
HEmMERmins .
B 1) planning as Boolean satisfiability,
A /R AT R A AL
B 2) planning as first-order logical deduction,
AE—BiZ iEE IR A ALK
B 3) planning as constraint satisfaction,
AR LR R HIHL)

B 4) planning as plan refinement.
AR IRAE R AR
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8.2.3. Other Classical Planning Approaches

1) Planning as Boolean satisfiability 4% /R a5 2 14 A X)

[1 Boolean Satisfiability (SAT) # /Ry et (sAT)
It is the problem of determining if there exists an interpretation that satisfies a given
Boolean formula.
XEHERBFEMERTEM/RFTIANERENCIR.
B Satisfiable formula %2 &R
If the variables of a given Boolean formula can be consistently replaced by the
values TRUE or FALSE which make the formula evaluates to TRUE.
MBAEHREERNTET—EWTRUEFIFALSEEE R, FERERNERATRUE.
B Unsatisfiable formula Far# g &k
if no such assignment exists, the function expressed by the formula is identically

FALSE for all possible variable assignments.
MR ZBARXFENMESFE, AXAEAENTEERE, M/ RRIEANERIGEFALSE.
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8.2.3. Other Classical Planning Approaches

Example: Planning as Boolean satisfiability 1¢{&% /R 75 2 14 B F K

Satisfiable formula m#EE&RER
the formula “a AND NOT b” is satisfiable, because one can find values
FIER “a AND NOT b” BRIGEER, ERAANIRILUKEE

a=TRUE, and b=FALSE

which make “a AND NOT b” to be TRUE.
F53%1&X “a AND NOT b”ATRUE.

Unsatisfiable formula Farsgr&iEx
the formula “a AND NOT a” is unsatisfiable.
FiZR “a AND NOT b” 2 Al5# 2 /Y.
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8.2.3. Other Classical Planning Approaches

2) Planning as first-order logical deduction {t{E—miZ i8R X

[1 PDDL is difficult to express some planning problems:
PDDLE I =ik 5t £ A X [ 7L -
LS e
W e.g. can't express the goal: “move all the cargo from A to B regardless of how
many pieces of cargo there are”.
BlanER U TR, “EBRENRRIMARERIB, AMEFZOHEY
[ Propositional logic also has limitations for some planning problems:
AP L IZ 48 X SR L R X (2] Bt 5 fE PR 1%
M e.g. no way to say: “the agent would be facing south at time 2 if it executed a
right turn at time 1; otherwise it would be facing east.”
BlanFoiERis:  “EReHEERENIT T — P AENFERE28EE; FNREEHAR.
[1 First-order logic lets us get around those limitations.
—IZENEEATIBAR X L FBR .
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8.2.3. Other Classical Planning Approaches

Situation calculus in first-order logic —miZEhHWiIESEE

It is a logic formalism designed for representing and reasoning about dynamical

domains. Its main elements are actions, fluents and situations.
2 FHAEN R RIEEN—MBERRIL. HXETZEME. THNES.

Sltuat ion calculus in first-order logic: —mizsapmisezs.

B [nitial state is called a situation. A solution is a situation that satisfies the goal.

MRS A—MER . —MRRHEBARHEHERFT.

B A function or relatlon that can vary from one situation to the next is a fluent.
B —MERETE T MERH L RRTH.

W Each action’s preconditions are described with a possibility axiom.
FAMEMBTR — AT R A IR A

B Each fluent is described with a successor-state axiom.
FAEHA—NEIDRS QIR AR

B Need unique action axioms so that the agent can deduce that.
FEME— N E TR RUEE RE R BE IS ST L THERE.
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8.2.3. Other Classical Planning Approaches

Situations as actions in Wumpus world gzt B dig s RhaniE
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If s is a situation and a is an action, then
RESULT(S, a) is also a situation. Thus, a
situation corresponds to a sequence of

actions.
MERsE—MNME=HaZ—" 1 sh1E, MRESULT(S, a)
wE—NMER. Bitt, —MEEXRF—1E1E

~—
T
Q
T~
Q 5.

[/ | /8

S, = RESULT(S,, Turn(Right))
= RESULT(RESULT(S,, Forward), Turn(Right))

Turn(Right)

S, = RESULT(S,, Forward)

Forward
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8.2.3. Other Classical Planning Approaches

3) Planning as constraint satisfaction {tE£5# 289 %)

We have seen #{12&Hmia

B Constraint satisfaction has a lot in common with Boolean satisfiability.
A RmESM/RAFHEEBITFZHM,

B CSP (constraint satisfaction problem) techniques are effective for scheduling
problems.
CSP (4R & la)@) AT IFE [ RBRL.

SO we can E kA 17T I

B encode a bounded planning problem as a CSP, i.e., the problem of finding a
plan of length k;

A F X eI TR ACSP, BN, FH—MKEAAIRIXIAYE) ;
M also encode a planning graph into a CSP.
1A AT LAAS AR K B 4w AL A CSP.
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8.2.3. Other Classical Planning Approaches

4) Planning as plan refinement {t/E#ik#E gL
Totally ordered plan £&#x

M The totally ordered plan is constructed by all the approaches we have seen so
far, consisting of a strictly linear sequence of actions.
EFAX2HRIZSAIERNZRNABHAFRWER, BERNEMESMERFFIER.

B This representation ignores the fact thatmany sub-problems are independent.

XFRTRZ T IS FEdE M AXPNEE.

Partially ordered plan ®wm#&l

B An alternative is to represent plans as partially ordered structures.
BRARNBREIXRTARFLS.

B This representation is a set of actions and a set of constraints of the form

Before(a;, a;), saying that one action occurs before another.
X MRRE—AZMEM—BR N ABefore(a;, ) MIAR, RA—IMEMEEZ— ML
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8.2.3. Other Classical Planning Approaches

Example: spare tire problem & %t p4 a1k

Boxes represent actions, arrows indicate orders. FHERRENE, FikigLInF

(a) Start | Lopare Trund At(Spare,Axie)| Finish
All Flat Axie)

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

A re, Trunk) A5 LG . .
(b) Start | o0 {(Spare, Ground) PutOn(Spare,Axle) |- Al(Spare,Axke)| _Finish
—1 Al Flat. Axle)

Al Flat Axle)

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

Al Spare, Trunk) Al{Spare, Ground) -
Start e A ff Spare, Axie)] Finish
(C) - Al{Flat. Axle) — At(Flat Axle) PutOn(Spare, Axle) 1ope

At(FlatAxie) | Remove(Flat, Axle)

(a) the tire problem expressed as an empty plan. 5% B4 a8 %R R A— N RIFK)
(b) an incomplete partially ordered plan for the tire problem. #B&ial B — MR T2 REF LX)
(c) a complete partially-ordered solution. —ANFEEBRREFFRRA R
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