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Structure of the talk

Introduction.

Model Checking.

Planning as Model Checking.

Situiated Plans.

Extension to non-deterministic domains (brief overview).
Implementation of Planning as Model Checking.

Conclusions and related work.
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\ Introduction /

The Key Idea: planning problems should be solved model-theoretically.

O Planning domains are formalized as

O Properties of planning domains are formalized as

O Planning is done by verifying whether
temporal formulas are In a semantic model.

Some Features:

O (clear and intuitive (semantic) formalization).
O (e.g. (non-)deterministic, reactive planning).

/D (automatic and efficient planning for large size _u«o_o_m:,mt
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\ Model Checking /

The Model Checking problem is
the problem of determining whether a formula is true in a model.

1. A domain of interest is described by a semantic model.
2. A desired property of the domain is described by a logical formula.

3. The fact that a domain satisfies a desired property is determined
by checking whether the formula is true in the model.
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\ Model Checking: Domains as Kripke Structures /

A Kripke Structure K is a 4-tuple (W, Wy, T, L), where

1. W is a finite set of states.

2. Wo C W is a set of initial states.

3. T CW x W is a binary relation on W, the transition relation,
which gives the possible transitions between states. We require T’
to be total, i.e., for each state w € W there exists a state w’ € W
such that (w,w’) € T.

4. L:W — 2% is a labeling function, where P is a set of atomic
propositions. L assigns to each state the set of atomic
propositions true in that state.
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\ Domains as Kripke Structures: An Example /

@> @Q\/

Not Loaded Not Loaded Loaded Loaded
Locked Not Locked Not Locked Locked

1. W =1{1,2,3,4}
2. Wo = {2}
3. T =1{(1,2),(2,1),(2,2),(2,3),(3,2),(3,4), (4, 3)}

4. L(1) ={Locked}, L(2) = 0, L(3) ={Loaded}, L(4) ={ Loaded,Locked}.

Note: nfinite evolutions of the domain encoded as

/ paths wowiws . .. such that, for each i, (w;, wi+1) € T. K
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\ Model Checking: Properties as CTL formulas /

Given a finite set P of atomic propositions, CTL formulas are inductively

defined as follows:

1. Every atomic proposition p € P is a CTL formula;
2. If p and q are CTL formulas, then so are

(a) ».pVa,

(b) AXp, EXp,

(c) A(pUg), and E(pUg))

— AXp (EXp): p holds in every (in some) “next” state.
— A(pUgq) (E(pUgq)): for every path (for some path) “p holds until ¢ holds”
— AFp (EFp) abbreviation of A(TUp) (E(TUp))

ﬁ@@% (AGp) abbreviation of “~AF-p (-EF—p) K
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\ Properties as CTL formulas: An Example /

@> &U\/

Not Loaded Not Loaded Loaded Loaded
Locked Not Locked Not Locked Locked

EF Loaded holds in state 2

AF Loaded does not hold in state 2

EG Loaded holds in state 2

A G Loaded does not hold in state 2
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The Model Checking Problem /

CTL semantics (Kripke Structure K, CTL formula p):

K,wgEpiffpe L(w), pe P

K,wE-piff K;wlp

KwgEpVvqgiff KiwEpor K,wlEq

K,w = AXp iff for all paths 7 = wows ..., with w = wo, K,w1 Ep

K, w = EXp iff there exists a path m = wow1 ..., with w = wq, such
that K, w1 E=p

K,w = A(pUygq) iff for all paths 7 = wow; . .., with w = wo, there
exists ¢ > 0 such that K,w; =q and, forall 0 < j <i, K,w;j =p
K,w = E(pUgq) iff there exists a path m = wow; . . ., with w = wy, and
i > 0 such that K, w; =q and, forall 0 < j <14, K,w; Ep

Truth: pis true in K (K Ep) if K,w = p for each w € W.

The Model Checking Problem for a CTL formula p and a Kripke Structure

K is the problem of determining whether p is true in K K
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\ Algorithms for Model Checking /

Algorithms for model checking exploit the structure of CTL formulas.

For instance:

> An atomic formula p is model checked by verifying that p € L(s)
for all s € Wj.

> Model checking AXp (EXp) is performed by model checking p in
all states (in some state) s’ such that (s,s’) € T, for each s € Wj.

> A(pUgq) or E(pUygq), can be model checked by exploiting the fact
that
pUg= ¢V
(p A Xq) V
(p AN Xp A XXq) V

L y
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\ An example: Model Checking EFp /

Not Loaded
Locked

Not Lockeo

function MCHECKEF (p,K)
CurrentStates:= (;
NextStates := STATES(p,K);
while NextStates # CurrentStates do
if (Wy C NextStates)
then return True;
CurrentStates := NextStates;
NezxtStates := NextStates U ONESTEPMCHECK (NextStates,K);
endwhile

© 0N ok =

10. return False;

/ ONESTEPMCHECK (States, K) = {s € W : 3s’. (s’ € States A T(s,s’))} K
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Planning as Model Checking
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\ Planning as Model Checking

Underlying idea:

1. A planning domain is described by a semantic model, which
defines the states of the domain, the available actions, and the
state transitions caused by the execution of actions.

2. A planning problem is the problem of finding plans of actions
given planning domain, initial and goal states.

3. Plan generation is done by exploring the state space of the
semantic model. At each step, plans are generated by checking
the truth of some suitable formulas in the model.

~

generate plans by determining whether formulas are true in a model.

/
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\ Planning Domains /

A planning domain D is a 4-tuple (F, S, A, R) where

1. F'is a finite set of fluents,

2. § C 2F is a finite set of states,

3. A is a finite set of actions,

4. R: S5 x A S is a transition function.

Notes:

We restrict ourselves to deterministic actions (R is a function);

/v_m::m:m domains are general enough to express actions with secondary effects.

_/
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Planning Domains: An Example

unlock wait a9 lock

muvl/////wwMM\\\\\th unload ¥~ unlock -

Not Loaded Not Loaded Loaded
Locked Not Locked Not Locked
1. F =  {Loaded,Locked}
2. S = {{— Loaded, Locked}, {— Loaded, — Locked},
{ Loaded, — Locked}, { Loaded, Locked} }
3. A= {lock, unlock, load, unload, wait}
4. R = { ({— Loaded, Locked},unlock,{— Loaded, — Locked})

({— Loaded, — Locked}, lock,{— Loaded, Locked})
({— Loaded, — Locked},wait,{— Loaded, — Locked})
({— Loaded, = Locked},load,{ Loaded, — Locked})
({ Loaded, — Locked},unload,{— Loaded, — Locked})
({ Loaded, — Locked},lock,{ Loaded, Locked})

({ Loaded, Locked},unlock,{Loaded, — Locked}) }

Loaded
Locked
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Planning Problems

A planning problem P for a Planning Domain D = (F, S, A, R) is a
3-tuple (D, I,G), where

1. I ={sp} C S is the initial state, and
2. G C S is the set of goal states.

Notes:

> We restrict ourselves to planning problems with a completely specified
initial situation;

> Planning problems allow for conjunctive and disjunctive goals, and, more
/ in general, for goals that can be described by any propositional dno_‘:E_mK
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Plans

A plan w for a planning problem P = (D, I, G) with planning domain
D = (F,S, A, R) is defined as

m={(s,a): s€ S,a€ A}

We call (s,a) a state-action pair.

Notes:

> We say that a plan is executable if all its actions are executable, namely
if we have that m = {(s,a) : s € S,a € A, R(s,a) # 0}.

> In the following, we consider plans which have at least one state-action
/ pair (s,a) with s € I. K
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An Algorithm for Plan Generation /

(2) Plan = {<2,load>,<3,lock>}
(1) Plan = {<3,lock>}

(0) Plan = {}

Not Loaded

Locked Not Locked

1. function PLAN(P)

2. CurrentStates := (); NextStates := G; Plan := {;

3. while (NextStates # CurrentStates) do

4. if I C NextStates

5. then return Plan;

6. OneStepPlan := ONESTEPPLAN(NextStates, D);

7. Plan := Plan U PRUNESTATES( OneStepPlan, NextStates);

8. CurrentStates := NextStates;

9. NextStates := NextStates U PROJECTACTIONS(OneStepPlan);
10. return 1Fail;

ONESTEPPLAN(States, D) = {(s,a) : s € S,a € A,3s". (s’ € States A s’ = R(s, vix

20
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\ The Planning Problem is a Model Checking Problem /

1. The planning domain is a semantic model.

2. The planning problem is specified through a set of goal states that
corresponds to a formula representing a desired property of the
domain.

3. Plan generation is done by checking whether suitable formulas are
true in a semantic model.

N _/
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\ The Planning Problem is a Model Checking Problem (cont.) /

Kripke Structure K = (W, Wy, T, L)
Planning problem P = (D, I,G) with D = (F, S, A, R)

Similarities:

1. W, Wy and T correspond to S, I and R, respectively.
2. The set of atomic propositions P of the labeling function L corresponds
to the set of fluents F'.

Differences:

1. The arcs defined by R are labeled by actions.

2. R is not required to be total (planning domains we may have states
where no actions are executable).

3. R is a function (assumption: deterministic domains)

4. [ is a singleton (assumption: completely specified initial situation)

N _/
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4 A

The Planning Problem is a Model Checking Problem (cont.)

A planning problem corresponding to a Kripke Structure
K =W Wy, T,L)is P=(D,I,G),where

1. D =(F,S, A, R) with

(a) F="P,
(b) S =W,
(c) A={uj,

(d) R={(s,u,s'): (s,8") €T}

2. I =Wh.

N _/
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\ The Planning Problem is a Model Checking Problem (cont.)

O The basic routine for model checking (ONESTEPMCHECK) can be
defined in terms of the basic routine for planning (ONESTEPPLAN), on
the planning domain Dy corresponding to the Kripke Structure K:

ONESTEPMCHECK (States, K) = (1)
PROJECTACTIONS(ONESTEPPLAN(States, Dy))

O Let p be a propositional CTL formula such that K,w = p for all w € G
and K,w [£ p for all w € G. Then, K = EFp iff there exists a plan
satisfying the planning problem P corresponding to K.

O We have reduced planning to the model checking of the formula EFp.

Notes:

> Underlying assumption of classical planning: requirement for a plan is

/ merely on the final states resulting from its execution. K

24




ECP99 - 5th European Conference on Planning

IRST

-~

Situated Plans
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unlock wait a9 lock
muvl/////mm&\\\\\%ﬁu unload >~ unlock _~
Not Loaded Not Loaded Loaded Loaded

Locked Not Locked Not Locked Locked
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muvl/////wwMM\\\\\th unload ¥~ unlock -
Not Loaded Not Loaded Loaded Loaded

Locked Not Locked Not Locked Locked






















unlock wait 959 lock

¥~ lock "~~~ unload __—~~"-_ unlock -

Not Loaded Not Loaded Loaded Loaded
Locked Not Locked Not Locked Locked




unlock wait 959 lock

¥~ lock "~~~ unload __—~~"-_ unlock -

Not Loaded Not Loaded Loaded Loaded
Locked Not Locked Not Locked Locked
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