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The Planning Problem

description of
goal state

description of
initial state

actions
description

Planner
PLAN

Di�erent kinds of planning
1 Sequential:sequence of actions =) most work.

2 Conditional: tree-like structures =) some work.

3 Iterative: graph-like structures =) little work.
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Planning under Incomplete Information

The system might not know exactly what the current state is.

Conformant & conditional planning, mostly.
=) PKSPlan, MBP, GPT, CAltAlt, CFF, etc.

Recent trend:planning over belief states.
p

Build plans based on what is known/believed.p
Beliefs are held or not held.p
Actions change belief states (not the real world).p
Actions are (epistemically) nondeterministic.

We look for \adequate" plans:
Plans that are guaranteed to achieve the goal, no
matter what (i.e., strong plans/solutions).
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What do we mean by an \adequate" plan?
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What do we mean by an \adequate" plan?

A plan isadequatei� it works from the initial belief state.
A plan is considered to work from some statei� either:

1 it says do nothing and the goal is believed to hold, or

2 it says to do some action, and for every possible state you can
get to by doing the action, the remaining plan works in the
resulting state.
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What do we mean by an \adequate" plan?

A plan isadequatei� it works from the initial belief state.
A plan is considered to work from some statei� either:

1 it says do nothing and the goal is believed to hold, or

2 it says to do some action, and for every possible state you can
get to by doing the action, the remaining plan works in the
resulting state.

So, let us make all these notionsprecise:
p

belief-based planning problem,p
plan, andp
adequacy.
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Belief-based planning

A belief-based planning problemB = hB; A; T ; b0; Gi is characterized
by �ve entities:

1 a setB of belief states;
2 a �nite set A of actions;
3 a transition relationT � B � A � B

T (b; a; b0) holds when actiona performed in belief stateb
may lead to a successor belief stateb0;

4 one initial stateb0 2 B;
5 a set of goal statesG � B.
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Belief-based planning

A belief-based planning problemB = hB; A; T ; b0; Gi is characterized
by �ve entities:

1 a setB of belief states;
2 a �nite set A of actions;
3 a transition relationT � B � A � B

T (b; a; b0) holds when actiona performed in belief stateb
may lead to a successor belief stateb0;

4 one initial stateb0 2 B;
5 a set of goal statesG � B.

Solving a planning problem means �nding actions that will take us
from the initial state to one of the goal states.
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Abstract account of plans

A plan P is a quadrupleP = hQ; q0; nexta; nextsi , where:

1 Q is a (possibly in�nite) set of plan states;
2 q0 2 Q is the initial plan state;
3 nexta: Q � B ! A [ f stopg; the next-action function;
4 nexts: Q � B � A ! Q; the next-plan-state function.
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b1
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q1
nexts
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An account of adequacy

A plan P = hQ; q0; nexta; nextsi is consideredadequatewrt
B = hB; A; T ; b0; Gi i� hq0 : b0i 2 RP , whereRP is the least set
satisfying the following two properties:

For every plan stateq, and belief stateb:
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2 Plan says to do some actiona, and for every possible stateb0
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An account of adequacy

A plan P = hQ; q0; nexta; nextsi is consideredadequatewrt
B = hB; A; T ; b0; Gi i� hq0 : b0i 2 RP , whereRP is the least set
satisfying the following two properties:

For every plan stateq, and belief stateb:

1 If nexta(q; b) = stop and b 2 G, then hq : bi 2 RP ;

(i.e., plan says do nothing and the goal is believed to hold)

2 If nexta(q; b) = a, nexts(q; b; a) = q0, and for allb0 such that
T (b; a; b0) we have thathq0: b0i 2 RP , then hq : bi 2 RP .

(i.e., plan says to do some action a, and for every possible state
b0 you can get to by doing such action, the remaining plan q0

works in the resulting state.)
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Tree chopping problem

An agent wants to cut down a
wood tree.
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Tree chopping problem

Possible actions are:

chop: takes one chop at the tree;

look: tells the agent whether the tree
has fallen (i.e., senses 
uentDown).

An agent wants to cut down a
wood tree.
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uentDown).

The tree will eventually fall, but how many
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Tree chopping problem

Possible actions are:

chop: takes one chop at the tree;

look: tells the agent whether the tree
has fallen (i.e., senses 
uentDown).

The tree will eventually fall, but how many
chops are required?

Intuitively, the following program� tc solves
the problem:

while : Down do chop; look endWhile

An agent wants to cut down a
wood tree.
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Tree chopping problem: Belief-based formalization

Btc = hBtc ; f chop; lookg; T tc ; bu; f bd gi , where

1 Btc = f bu; bd ; b?g;
2 T tc = f (bu; look; bu); (bd ; look; bd ); (b?; look; bu); (b?; look; bd );

(bu; chop; b?)g.

bu b? bdchop look

look
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Tree chopping problem: Belief-based formalization

Btc = hBtc ; f chop; lookg; T tc ; bu; f bd gi , where

1 Btc = f bu; bd ; b?g;
2 T tc = f (bu; look; bu); (bd ; look; bd ); (b?; look; bu); (b?; look; bd );

(bu; chop; b?)g.

bu b? bdchop look

look

chop look stop

Obvious \reactive" plan:Ptc , which has only one stateq, and

nexta(q; bd ) = stop; nexta(q; bu) = chop; nexta(q; b?) = look;

nexts(q; b; a) = q; for b 2 f b?; bu; bdg; a 2 f chop; lookg:
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But Ptc is not adequate!

Theorem
The plan Ptc is not adequate with respect to planning problemBtc .
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But Ptc is not adequate!

Theorem
The plan Ptc is not adequate with respect to planning problemBtc .

Why?
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Con�guration tree

De�nition

The con�guration tree of a planP = hQ; q0; nexta; nextsi wrt
B = hB; A; T ; b0; Gi is such that:

1 the root of the tree is labelledhq0 : b0i ;

2 there is an edge from any node labelledhq : bi to another node
labelledhq0: b0i , whenever:

(i) nexta(q; b) = a; (ii) nexts(q; b; a) = q0; (iii) T (b; a; b0).
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Tree chopping problem: Con�guration tree ofPtc

hq : bu i -chop
hq : b?i -look

C
C
C
C
CCW

look

hq : bd i

hq : bu i -chop
hq : b?i -look

C
C
C
C
CCW

look

hq : bd i

. . .

Belief-based planning problemBtc and planPtc :

bu b? bdchop look

look

chop look stop
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Main Theorem: Con�guration tree & adequate

De�nition
Plan P is boundedwrt B if the con�guration tree ofP wrt B is �nite .

Theorem

If a plan P is adequate wrtB, then it is bounded wrtB.
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Main Theorem: Con�guration tree & adequate

De�nition
Plan P is boundedwrt B if the con�guration tree ofP wrt B is �nite .

Theorem

If a plan P is adequate wrtB, then it is bounded wrtB.

The planPtc is not bounded, since we can go through the states
bu; b?; bu; b?; : : : inde�nitely. Thus, Ptc is not adequate.

KR-2006

On the Limits of Planning over Belief States under Strict Uncertainty 13 / 21



Motivation Belief-based Planning & adequate A Problematic Example World-based Planning & adequate0 Conclusions

Main Theorem: Con�guration tree & adequate

De�nition
Plan P is boundedwrt B if the con�guration tree ofP wrt B is �nite .

Theorem

If a plan P is adequate wrtB, then it is bounded wrtB.

The planPtc is not bounded, since we can go through the states
bu; b?; bu; b?; : : : inde�nitely. Thus, Ptc is not adequate.

So, we need an alternative de�nition of adequacy...
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World-based planning

A world-based planning problemW = hW ; A; �; �; i ; gi is
characterized by the following �ve entities:

1 a setW of world states;
2 a �nite set A of actions;
3 a transition function� : A � W ! W [ f?g ;
4 a sensing function� : A � W ! f 0; 1g;
5 a non-empty set of initial world statesi � W ;
6 a non-empty set of goal world statesg � W .

(? is used for an action that is not possible in a world state.)
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World-based tree chopping problem

Wtc = hWtc ; f chop; lookg; � tc ; � tc ; itc ; gtc i , where:

Wtc = N (in world state 0, the tree is down.)
itc = N � f 0g (states where the tree is up.)
gtc = f 0g
� tc (look; n) = n for all n, and

� tc (chop; n) =
�

? if n = 0
n � 1 otherwise

� tc (chop; n) = 0 for all n, and

� tc (look; n) =
�

1 if n = 0
0 otherwise

So look reports a 1 if the tree is down and 0 otherwise.
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From World-based to Belief-based planning

Theorem

The belief-based planning probleminducedby Wtc is equivalent toBtc .

Proof (sketch): We take:

b? = N; bu = N � f 0g; bd = f 0g:

KR-2006

On the Limits of Planning over Belief States under Strict Uncertainty 16 / 21



Motivation Belief-based Planning & adequate A Problematic Example World-based Planning & adequate0 Conclusions

An alternative de�nition of adequacy0

A plan P = hQ; q0; nexta; nextsi is consideredadequate0 wrt
W = hW ; A; �; �; i ; gi i� for everyw0 2 i , the triple hw0 : q0 : i i 2 RP ,
whereRP is the least set satisfying the following:
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W = hW ; A; �; �; i ; gi i� for everyw0 2 i , the triple hw0 : q0 : i i 2 RP ,
whereRP is the least set satisfying the following:

For every worldw, plan stateq, and belief stateb:

1 Plan says do nothing and the goal is believed to hold.
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A plan P = hQ; q0; nexta; nextsi is consideredadequate0 wrt
W = hW ; A; �; �; i ; gi i� for everyw0 2 i , the triple hw0 : q0 : i i 2 RP ,
whereRP is the least set satisfying the following:

For every worldw, plan stateq, and belief stateb:

1 If nexta(q; b) = stop and b � g, then hw : q : bi 2 RP ;

2 Plan says to do some actiona, and the remaining planq0 works
under the new worldw0 and the new belief stateb0.
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An alternative de�nition of adequacy0

A plan P = hQ; q0; nexta; nextsi is consideredadequate0 wrt
W = hW ; A; �; �; i ; gi i� for everyw0 2 i , the triple hw0 : q0 : i i 2 RP ,
whereRP is the least set satisfying the following:

For every worldw, plan stateq, and belief stateb:

1 If nexta(q; b) = stop and b � g, then hw : q : bi 2 RP ;

2 If nexta(q; b) = a, nexts(q; b; a) = q0, � (a; w) = w0, and
hw0: q0: � (w; a; b)i 2 RP , then hw : q : bi 2 RP .

� (w; a; b): new belief state when actiona is executed on belief
state b and real world statew.
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An (unsolvable) tree chopping variant

Now, imagine the tree could actually be a steel lamp post...
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Let W� be just likeWtc except that the initiali now includes thenew
world state� such that: � (a; � ) = � and � (a; � ) = 0.
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Now, imagine the tree could actually be a steel lamp post...

Let W� be just likeWtc except that the initiali now includes thenew
world state� such that: � (a; � ) = � and � (a; � ) = 0.

Obviously, the planning problemW� should not be solvable!

Theorem
1 No plan is adequate0 with respect toW� .
2 The belief-based planning problem induced byW� is equivalent

to the one induced byWtc .
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Conclusions

1 adequate and adequate0 are super�cially similar, but di�erent.

2 Adequacy is a condition on thebelief statesthat are reachable;

3 Adequacy0 depends on what is believed about possible transitions
in world states.

4 Adequacy is unable to recognize progress towards the goal inthe
general case: satis�ability is too pessimistic.

5 Adequacy0 is more involved: uses truth and sensing must always
come from thesame model.

6 Belief and truth somehow have to be mixed.

7 Planning with loops is more di�cult than what one might have
expected!
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Observations and Open Issues

Planning in nondeterministic domains:weak, strong, and strong
cyclic solutions [Cimatti et al. 2003].

=) adequate0 plans are stricter than strong cyclic plans.

We have assumedstrict uncertainty: no probability distribution
on world states.

=) use probabilities to annotate con�guration tree.

Rich agent programs:
Epistemic feasibility.
Nondeterministic plans: generalizations of adequate/adequate0.

Agent ability: to be able to achieve� is to know of an
\adequate" plan for it.
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