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Abstract

The research on conditional planning rejects the assumptions that there is no uncertainty
or incompleteness of knowledge with respect to the state and changes of the system the
plans operate on. Without these assumptions the sequences of operations that achieve
the goals depend on the initial state and the outcomes of nondeterministic changes in the
system. This setting raises the questions of how to represent the plans and how to perform
plan search. The answers are quite different from those in the simpler classical framework.
In this paper, we approach conditional planning from a new viewpoint that is motivated by
the use of satisfiability algorithms in classical planning. Translating conditional planning
to formulae in the propositional logic is not feasible because of inherent computational
limitations. Instead, we translate conditional planning to quantified Boolean formulae. We
discuss three formalizations of conditional planning as quantified Boolean formulae, and
present experimental results obtained with a theorem-prover.

1. Introduction

The purpose of automated planning is to construct instructions, a plan, by following which
some predefined goals can be achieved. Plans consist of operators that make a set of facts
true whenever their preconditions are fulfilled. The most basic — and the most common in
earlier research — form of plans is sequence of operators that are executed unconditionally in
the specified order. Plans of this form are sufficient only if the world where a plan is carried
out is completely predictable and known, and the execution of the plan always starts in the
same state.

When not all changes in the world can be predicted or not all facts affecting plan
execution are known in advance, the structure of plans has to be more general. If the task
is to move object A, that is in room 1 or in room 2, to a trash can, the operations that achieve
the goal depend on the initial location of A. There is no single sequence of operations that
achieves the goal in both cases. Hence parts of the plan have to be conditional on contingent
facts of the world. A plan that achieves the goal says that first go to room 1, if object A
is not there go to room 2, pick up the object, find a trash can, and drop the object in it.
When following this plan, room 2 is visited only if object A is not in room 1.

Most of the recent work on conditional planning has been carried out in the least-
commitment or partial-order planning paradigm, the underlying idea of which has perhaps
best been explicated in the planning algorithm SNLP (McAllester & Rosenblitt, 1991). This
algorithm starts with an incomplete plan that consists of descriptions of the goal and the
initial state. Plans are found by backtracking search. The children of a node in the search
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tree are generated by extending the incomplete plan. The extensions correspond to fulfilling
a subgoal by introducing a new operation or stating that an existing operation is used to
fulfill it, and removing potential conflicts between operations by imposing constraints on
their ordering.

The conditional planning algorithms CNLP (Peot & Smith, 1992) and CASSANDRA
(Pryor & Collins, 1996) extend partial-order planning algorithms that find non-conditional
plans. The nondeterminism and multiple initial states are represented as operators that
have several alternative outcomes. Plan search in these algorithms proceeds like in the non-
conditional basis algorithm until an operator with more than one outcome is introduced to
an incomplete plan. Then a context mechanism that handles conditionality is applied: if
there are n alternative outcomes, each current goal is replaced by n new ones each with a
different label corresponding to one of the alternative outcomes. The plan is complete when
every goal and subgoal — with all existing context labels — is fulfilled.

In this paper we consider conditional planning from a more abstract point of view.
Instead of extending existing algorithms that produce non-conditional plans, we view con-
ditional planning as an automated reasoning task, like in the pioneering work on planning
by Green (1969), in deductive planning (Rosenschein, 1981), and in recent work on planning
by satisfiability algorithms (Kautz & Selman, 1992, 1996). Instead of using a very general
framework like the first-order predicate logic or a dynamic logic, we choose a logic that
is sufficiently expressive for representing conditional planning but also restricted enough
to have potential for efficient implementation. The efficiency requirement together with
the recent success of satisfiability algorithms in classical planning (Kautz & Selman, 1996)
would suggest that translating problem instances of conditional planning to sets of formulae
in the propositional logic and then finding conditional plans by a satisfiability algorithm
would be a reasonable way to proceed. However, this turns out not to be the case.

We show that viewing conditional planning as a satisfiability problem is not feasible.
Even with the restriction to plans that have a polynomial length the problem of testing the
existence of conditional plans almost certainly does not belong to the complexity class NP.
Planning by satisfiability consists of constructing a candidate plan (a sequence of opera-
tions) and a polynomial-time verification that the operations in the plan achieve the goal
when starting from the initial state. Conditional planning, however, involves constructing
a plan (there ezists a plan) such that for every combination of contingencies there exists
an execution that achieves the goal. This alternation of quantifiers 3V3 takes conditional
planning outside NP.

We propose an approach to conditional planning that is based on translation to a com-
putational problem that is a generalization of satisfiability of propositional formulae. This
problem is the evaluation of truth-values of quantified Boolean formulae. Quantified Boolean
formulae characterize the levels of the polynomial hierarchy (Balcdzar, Diaz, & Gabarrd,
1995) like propositional formulae characterize the problems in the complexity class NP. For
example, the truth of quantified Boolean formulae with the prefix 3V is a complete prob-
lem for the complexity class ¥5. As we will show, determining existence of solutions for
conditional planning is IT5-hard. Because — under standard complexity-theoretic assump-
tions — there is no polynomial time translation from conditional planning to propositional
satisfiability, it is not feasible to solve it by an algorithm that finds satisfying assignments
of propositional formulae.
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The paper is organized as follows. In Section 3 we discuss the results on the compu-
tational complexity of conditional planning, which are the motivation for the approach we
have chosen. Section 4 presents different translations of conditional planning to quantified
Boolean formulae. The more general framework of conditional planning allows more degrees
of freedom in choosing what kind of plans a planner produces. We consider a general for-
malization in which internal state transitions of a plan are described as finite automata, and
less general formalizations with more restricted transition functions. For all formalizations
we present translations of problem instances to quantified Boolean formulae. A quantified
Boolean formula that illustrates the translations is given in Section 5. We have solved a
number of simple problems in conditional planning by using a theorem-prover for QBF we
have developed. The theorem-prover is briefly discussed in Section 6 and the experiments
in Section 7. Finally, in Section 8 we discuss earlier work that is related to ours.

2. Preliminaries

Quantified Boolean formulae are of the form giz1goz2 - - - gpxn ¢ where ¢ is an unquantified
propositional formula and the prefix consists of universal V and existential 3 quantifiers
q1,---,qn and the propositional variables z1,...,z, that occur in ¢. Define ¢[)/z] as the
formula that is obtained from ¢ by replacing occurrences! of the propositional variable = by
the formula 1. The truth of quantified Boolean formulae is defined recursively as follows.
The truth of a formula that does not contain variables, that is, that consists of the constants
true T and false | and connectives, is defined in the obvious way by truth-tables for the
connectives. A formula 3z¢ is true if and only if @[T /z] or ¢[L/z] is true. A formula Vz¢
is true if and only if ¢[T/z] and ¢[L/z] are true. Examples of true quantified Boolean
formulae are Vz3y(z <> y) and Jz3y(z A y). The formulae JzVy(z < y) and VaVy(z V y)
are false. Changing the order of two consecutive variables quantified by the same quantifier
does not affect the truth-value of the formula. It is often useful to ignore the ordering of
consecutive variables and view each quantifier as quantifying a set of formulae, for example
dz12oVy1y2®. The size of a quantified Boolean formula can be defined as the number of
occurrences of propositional variables in it.

The interest in quantified Boolean formulae in the theory of computational complex-
ity stems from the fact that like propositional satisfiability characterizes the problems in
NP, quantified Boolean formulae with different prefixes characterize different classes in the
polynomial hierarchy (Balcdzar et al., 1995). The complexity class P consists of decision
problems that are solvable in polynomial time by a deterministic Turing machine. NP is
the class of decision problems that are solvable in polynomial time by a nondeterministic
Turing machine. The class co-NP consists of those problems the complements of which are
in NP. In general, the class co-C consists of problems whose complements are in the class
C. The polynomial hierarchy PH is an infinite hierarchy of complexity classes £, IT?| and

AP for all 1 > 0 that is defined by using oracle Turing machines in the following way.

SPo= P m = P AP = P
Y4 4
Ef—l—l = NP> Hf+1 = CO'E€+1 A€+1 = P

1. We assume that nested quantifiers do not quantify the same variable.
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C’lc ? denotes the class of problems that is defined like the class C except that oracle Turing
machines that use an oracle for a problem in Cy are used instead of Turing machines without
an oracle. Oracle Turing machines with an oracle for a problem B are like Turing machines
except that they may perform tests for membership in B with constant cost. A problem L
is C-hard (where C may be NP, co-NP or any of the classes in the polynomial hierarchy)
if all problems in the class C are polynomial time many-one reducible to it; that is, for all
problems L' € C there is a function f;; that can be computed in polynomial time on the
size of its input and fr/(z) € L if and only if z € L. We say that the function fr/ is a
translation from L' to L. A problem is C-complete if it belongs to the class C and is C-hard.

The truth of quantified Boolean formulae with the prefix 3z1 - - - z1 is a complete problem
for NP= X!, and with prefix Vz} - - -z} the problem is complete for co-NP= II%. In general,
the truth of formulae with prefix V3V .- is II’-complete if there are i — 1 alternations of
quantifiers, and ¥¥-complete for prefixes 3V3- - with i — 1 alternations.

3. Complexity of Conditional Planning

In this section we analyze the complexity of conditional planning. The purpose of the
analysis is to justify and motivate the approach to conditional planning we adopt.

A natural approach to conditional planning would be to follow Kautz and Selman (1992,
1996) and to translate problem instances to formulae in the propositional logic, and then
find plans by an algorithm that tests the satisfiability of propositional formulae. We show
that this approach is not feasible. In addition, our results indicate that quantified Boolean
formulae have a sufficient generality for representing conditional planning.

Planning by satisfiability is based on the fact that classical planning, when restricted to
plans of polynomial size, belongs to the complexity class NP, and therefore can be translated
to any NP-complete problem in polynomial time. An NP-complete problem for which there
are several efficient decision procedures is the satisfiability of formulae in the propositional
logic. Kautz and Selman (1992) show that translating classical planning to formulae in the
propositional logic is straightforward. Solution plans are obtained as satisfying truth-value
assignments of the propositional formulae in question.

We show that with the restriction to polynomial size plans conditional planning does
not belong to the complexity class NP (assuming that the polynomial hierarchy does not
collapse to its first level.) This means that there are no polynomial-time translations from
conditional planning to classical planning or to propositional satisfiability. Even the sizes of
straightforward translations are exponential. The intuitive reason for conditional planning
being outside NP is that problems in NP can be solved by guessing a candidate solution and
then verifying in polynomial time that it actually is a solution. For finding a conditional
plan one can guess a candidate plan but testing that the plan works under all circumstances
cannot in general be performed in polynomial time, as the number of different circumstances
may be exponential on the size of the problem instance. These considerations suggest that
it is in general not feasible to perform conditional planning by a satisfiability algorithm.

The theorem below shows that the problem of determining whether the goal can be
reached from every initial state is one of the most complex problems in the complexity class
15, and therefore — very likely — not a member of the complexity class NP. The reachability
of the goal from all initial states is equivalent to the existence of conditional plans only for
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sufficiently expressive notions of conditional plans. For more restricted kinds of conditional
plans the existence of separate classical plans for every initial state does not guarantee
the existence of a conditional plan covering all initial states. In these cases proofs of II5-
hardness of plan existence have to be different, of course provided that the problems are
indeed II)-hard and not easier. Existence of classical plans for all initial states does not
necessarily imply the existence of conditional plans for example when it is not possible to
combine any two plans that work under different circumstances to a conditional plan that
works correctly whenever one of the constituent plans does.

Definition 1 A problem instance in conditional planning is a triple (I,0,G) where I is
a set of literals (characterizing the initial states), members of O are pairs p = e (the
operators) where p and e are sets of literals, and G is a literal (the goal).

A problem instance has a solution if for every initial state (a propositional model) M
such that M = I there is a sequence o01,...,0, of operator applications that transform the
initial state M to a state M' such that M' = G. The application of p = e in M; means
that M; = p and for the following state M; 1 = e and for all propositional variables v that
do not occur in e, M; |= v if and only if M;11 = v.

Theorem 2 The problem of existence of solutions for problem instances in conditional
planning is T15-hard.

Proof: We show that for any quantified Boolean formula with prefix V3 there is a problem
instance in conditional planning such that the formula is true if and only if the problem
instance has a solution. For the quantified formula to be true, for all truth-values for the
universal variables it has to be possible to assign truth-values to the existential variables
so that the unquantified formula evaluates to true. In the planning setting this can be
simulated as follows. The universal variables correspond to facts in the initial state that
can be both true or false. For each initial state there has to be a sequence of operations
that assigns the existential variables truth-values that make the unquantified formula true.

Let F be any quantified Boolean formula Vzi---x,3y; - - yn® where ® consists of ¢
clauses. We construct a problem instance P and show that F' is true if and only if P has
a solution. Constructing P takes polynomial time on the length of F. This shows that
testing the existence of solutions in conditional planning is IT5-hard. Define P = (I, 0, G)
where G = sat,

I = {=sat,~y1,...,Ym,C1,-..,7¢, S}, and
O = {s=y1,...,8= Ym,(c1,...,¢) = sat}
U{l; = ¢j,—s|l1 V- -+ VI is jth clause in ®,1 <14 < k}.

In the initial states the variables x; may have any value and variables y; are all false. The
operators s = y; can be executed to make variables y; true. The truth of clauses ¢ in ® can
be verified by executing operators | = ¢, —s. Finally, the operator (c1,...,c;) = sat can be
applied to produce the goal if all clauses are true. The variable s is needed to prevent false
formulae appear true, like Ip(p A —p) by the plan (=p = ¢2), (= p), (p = 1), (c1,c2 = sat).

Assume that for all assignments of truth-values to z1, ..., z, the formula Jy; - - - y,  is
true. Take any initial state M that satisfies I. Now M determines an assignment of truth-
values by,...,by to x1,...,2,. Let by,... b, be the respective truth-values for yi,...,ym
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as determined by F. Let 01,...,0s be a sequence consisting of exactly those operators
s = y; € O such that b} = true, followed by those operators [ = ¢;, —s such that [ = y; and
b, = true or | = —y; and b} = false, and finally c1,...,¢; = sat. Obviously, o1,...,0, takes
the initial state M to a state M’ such that M’ |= sat. Therefore P has a solution.

Assume P has a solution. Take any assignment by, ..., b, of truth-values to z1,...,z,.
Let M be a propositional model such that M |= I and for alli € {1,...,n} M =z; iff b; =
true. Now there is a sequence o1,. .., 05 of operators taking M to M’ such that M’ |= sat.
For all ¢ € {1,...,m} assign true to y; if s = y; occurs in o0y,...,05 before the first [; =
c¢j, s, and false otherwise. It is easy to show that the assignment to z1,...,Zn,y1,...,Um
satisfies ®. Therefore F' is satisfiable. O

Conditional planning is also no harder than problems on the second level of the poly-
nomial hierarchy. For conditional plans of polynomial size it is easy to show that finding a
plan is in the complexity class 35. The proof is by constructing a nondeterministic Turing
machine that runs in polynomial time and uses an oracle for a problem in NP. The Turing
machine first guesses a polynomial length string that represents a candidate plan. The
oracle then checks whether it is the case that under some circumstances the goals cannot be
reached. The oracle is represented by a nondeterministic Turing machine that guesses truth-
values for all contingent facts (in nondeterministic polynomial time), and then executes the
plan (in deterministic polynomial time) and accepts if a goal state was not reached. The
computation of the oracle is clearly in NP. As our Turing machine runs in nondeterministic
polynomial time with an NP oracle, the problem it solves is in 5.

The complexity of classical planning is known in detail. Bylander (1994) shows that
classical planning in finite domains is PSPACE-complete. Possibility of tractable planning
under syntactic restrictions on the plan operators has been investigated by Bylander and by
Béckstrom and Nebel (1995). Tractability can be achieved only with very severe syntactic
restrictions.

4. Encodings of Conditional Planning as Quantified Boolean Formulae

We have devised several translations of conditional planning to quantified Boolean formulae.
There are three separate issues in the translation of conditional planning to quantified
Boolean formulae. The first, that is no different from translating classical planning to
propositional logic, is the encoding of executions of plans. The correspondence between
plan executions and plans is not as close as in classical planning, as one plan may have
several different executions. The second issue is the representation of plans. Plans are
objects that map a state to the operators to be executed for producing a successor state.
The third issue, specific to QBF, is the representation of quantification over all initial states
and other uncertainties. In Sections 4.3.1 and 4.3.2 we propose two ways of doing this.
Unlike in classical planning where plans simply specify a sequence of operators that
are executed consecutively and the state of the environment after each operation is unam-
biguously known already at the planning time, conditional plans have to be able to behave
differently under different circumstances. For example, the environment may be different
on different executions of the plan and there may be nondeterministic events affecting plan
execution. The different responses required from conditional plans can be handled by defin-
ing conditional plans as objects with an internal state that reflects the current and earlier
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states of the environment in a sufficient extent so that correct operators can be executed.
When devising a representation for conditional plans, the decisions to be made concern how
the internal state evolves during plan execution, and how the operators to be executed are
determined by the internal state.

The idea of conditional plans as objects with an internal state naturally suggests how
the notion of classical plans should be extended. The conditional plans discussed in Section
4.2.1 explicitly represent the state of a plan as an automaton that makes transitions based
on observations concerning the environment. The state of the automaton at each time point
determines which operators are executed. Simpler forms of conditional plans are presented
in Sections 4.2.2 and 4.2.3.

The two forms of uncertainty, multiple initial states and nondeterminism, are both
important and naturally arise in many applications. However, for simplicity of presentation
we postpone the discussion on representing nondeterminism to Section 4.4, and first consider
only problem instances with several initial states.

Problem instances (O, B, T,T') consist of

1. a finite set O of operators of the form p = e where p and e are finite sets of literals,
2. a set B of observable facts that determine how plan execution proceeds,

3. a formula Y characterizing the initial states, and

4. a formula I' characterizing the goal states.

We assume that the number of atomic facts is finite. Define prec(p = e) = p and
poste(p = e) = e. Define the size sizeof(O) of a set O of operators as the sum Y _{|prec(o)| +
|postc(o)| |o € O}. We assume that each operator and fact is assigned a unique integer.
The set of integers assigned to operators is denoted by I, that of facts by Ir, and that of
observable facts by Ig, and prec(i) and postc(i) for i € Ip have the obvious meaning. We
often identify an operator or a fact with its index. Define N, = |O|.

A conditional plan determines for all initial states and combinations of other contin-
gencies an execution that reaches a goal state. This idea is the basis of the representation
of conditional planning as quantified Boolean formulae IPYCIE®, where P is the set of
propositional variables that represent plans, variables in C represent the initial states and
other contingencies, and variables in E represent executions of plans. The formula @ is a
conjunction of formulae that formalize the logical connections between propositions repre-
senting plan executions, plans, and initial and goal states.

The propositional variables used in encoding conditional planning are described in Table
1. The representation of classical planning in the framework of Kautz and Selman (1992,
1996) uses the variables O; ; and P;; only. A propositional variable ({); represents the truth
of literal [ at time point ¢. For a positive literal [ = p, (I); = P;; where i is the index of p,
and for a negative literal | = —p, (I); = P, ;.

Like in planning by satisfiability (Kautz & Selman, 1992), plans usually cannot be
found by performing only one call to a theorem-prover with one formula. This is because
the problem encodings depend on the plan size, and there is no obvious upper bound for
it. Therefore the theorem-prover is first called with a formula that encodes the smallest
interesting plan, and the size is gradually increased until a plan is found. Plan size can
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variable description

Py The fact 7 is true at time ¢ (like in satisfiability planning.)
Oi The operator 7 is executed at time ¢ (like in satisfiability planning.)
Cij In state i, proposition j (the condition) determines the successor state.

S;S;T The successor of state 7 is 7 if the condition is true.
S;S;F  The successor of state 4 is j if the condition is false.

Sit The plan is in state ¢ at time ¢.

E;: The operator 4 is enabled at time ¢ (Section 4.2.3) or in state ¢ (Sections 4.2.1
and 4.2.2); that is, it is executed if its preconditions are true.

Ay The operator ¢ is applicable at ¢; that is, it is enabled, its preconditions are

true, and some of its postconditions are false.

Table 1: Meaning of propositional variables in the encodings

be characterized by the length of its executions t,,,, and the number of internal states it
may be in. Plan existence corresponds to the truth of the quantified Boolean formula in
question, and the plan is represented by the truth-values of propositional variables that
represent plan elements.

To illustrate the translations, we interleave the presentation of the encodings with ex-
amples on encoding a simple blocks world problem. There are two blocks, A and B. The
blocks may be on the table or on the top of the other block. To represent this scenario
we use the facts ontableB, onBA, clearB, ontableA, clearA, and onAB. The blocks may be
moved as specified by the following four operators.

onAB, clearA = ontableA,—~onAB, clearB
onBA, clearB = ontableB, ~onBA, clearA
ontableA, clearB = onAB, —clearB, —ontableA
ontableB, clearA = onBA, —clearA, —ontableB

W N = O

4.1 Representation of Executions of Plans

Given a sequence of (sets of) operators determined by a plan and an initial state, the
execution of the plan involves producing a sequence of successor states, the last of which
should be a goal state. To represent plan executions we need formulae that describe the
initial states and produce for each state a successor state that corresponds to the application
of the operators determined by the plan. In classical planning the plan explicitly gives a
set of operators to be executed at each point of time, whereas in conditional planning the
set of operators may depend on truth-values of facts or the internal state of the plan. We
discuss the formulae that determine the operators to be executed later together with the
different formalizations of conditional plans, as the former depend on the latter.

Plan executions are represented like classical planning as a satisfiability problem (Kautz
& Selman, 1992). This is because in classical planning plans coincide with their unique
executions: both are sequences of (sets of) operators. Plan executions are formalized as
formulae that state the preconditions and postconditions of operators (schema 1.1) and
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frame axioms that say when facts retain their truth-values (schema 1.2).

(L.1) Oz = ((I)e A== Aln)e A 1D er1 Avee Al )i41)
(1.2) (l)t \Y (l)t_|_1 V Onl,t VeV Onm,t

forallt €{0,... . —1}

For operators i € Ip in schema 1.1, prec(z) = {l1,...,ln} and postc(i) = {l3,...,l},}. The
frame axiom says that if literal [ is false at ¢ and true at ¢ 4+ 1, then one of the operators
N1, ..., Ny, that make [ true is executed at .

If we allow the execution of several operators simultaneously, we need formulae that
state that two operators are not executed at the same time if they are dependent; that is, if
a propositional variable in the postcondition of one occurs in the precondition of the other.
If no parallelism is allowed, we have formulae —(O;; A O;;) for t € {0,...,t,,. — 1} and for
all {7,7} C Ip such that 7 # j.

The size of the set of formulae obtained from schemata 1.1 and 1.2 is of the order
(x| + sizeof(O))t maa-

Example 4.1 In the blocks world example, the formulae describing the preconditions and
the postconditions of the operators are the following for ¢ € {0,1}. 2

O(),t—>
01,,5—)
02,,5—>
Og,t—>

onABy A clearAy N ontableAi 1 A —onAByiq A clearByy1)
onBA; A clearBy A ontableBy11 A ~onBA1 A clearAiy1)
ontableAy A clearBy A onAByy1 A —clearByi1 A —ontableAy 1)
ontableB; A clearAy N onBAyi1 A —clearAy 1 A\ —ontableByy1)

N N N~

The frame axioms are as follows for ¢ € {0,1}.

—onAB;V onABi11 V Oy, —onBA;V onBAi1 V O
onAB;V —onABy 1V Ogy onBA;V —onBAy11V O3y
ontableA; V —ontableAs 1V Ogy  ontableB; V —ontableB; 1V Oy
—ontableA; V ontableA; 1 V Oz —ontableB; V ontableBiy1 V O3y
clearA; V —clearAy 1 V Oy —clearA; V clearA 1 V O3y
clearB; V —clearBi1 V O —clearBy V clearBy 1V O

The simultaneous application of two operators is not allowed, which is represented by the
following formulae for all {3, j} C Ip = {0,1,2,3} such that ¢ # j and for all ¢t € {0, 1}.

=(0i ¢ A Ojy)
O

To represent classical planning as a satisfiability problem, as proposed by Kautz and Selman
(1992, 1996), in addition to the above formulae it suffices to give a set of literals that describe
an initial state and a formula that describes the goals. Then a satisfiability algorithm can
be used for finding a truth-value assignment that satisfies the propositional formulae. The
truth-values for propositional variables O; ;,i € Ip,t € {0,,,,.— 1} indicate which operators
should be applied to reach the goals.

2. For clarity, instead of using propositions P; ; where 7 is the index of a fact, we simply attach the subscript
t to the names of the facts, for example onAB;.
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4.2 Representation of Conditional Plans

Conditional plans are objects that map the current and past observations to the operators
to be executed. By the Church-Turing thesis, most general computable notions of such
mappings are equivalent to Turing machines. However, it is not necessary to consider
mappings from arbitrary observations to sequences of operations. We consider only systems
that are represented by finite sets of facts, and hence the plans do not have to be able to
respond to arbitrarily complex behavior of the environment.

We consider conditional plans that are finite state; that is, in addition to the information
obtained as observations, only a finite amount of information internal to the plan is used in
determining which operations to perform and how the internal state evolves. The control
flow in this kinds of plans is similar to that of finite automata, or equivalently to that of
programs in a simple programming language with iteration or a goto-statement and simple
if-then-else conditionals. The finite amount of information, that is the internal state of
the plan during execution, can be characterized by a state variable that corresponds to a
program counter.

Conditional plans with unrestricted transition functions are very expressive but the
number of plans with even a small number of states and observable facts is very high, which
makes plan search difficult. As there is, in general, a trade-off between the expressivity of
the representation and the difficulty of finding plans, we also consider more restricted forms
of conditional plans in Sections 4.2.2 and 4.2.3.

4.2.1 PLANS WITH UNRESTRICTED TRANSITION FUNCTIONS

The first formalization of conditional plans uses finite automata for representing the internal
state transitions the plan makes. The successor state of a state is determined by the truth-
value of an observable fact associated with the state, which we call the condition of the state.
The transition functions of the automata may be cyclic in the sense that an automaton may
return to a state it has once left.

Each state of a conditional plan has an associated set of operators. We say that for a
given state, these operators are enabled in it. If an operator is enabled in the current state,
it is executed if its preconditions are true.

In domains in which only plan execution may cause changes in the environment, this
form of plans is sufficient: whenever a problem instance in conditional planning has a
solution, that is, there is plan according to some reasonable notion of conditional plans, it
has a solution as the kind of plan discussed in this section. or the simpler notions of plans
in Sections 4.2.2 and 4.2.3 this is not the case see Example 4.3 in Section 4.2.2.

The number of automata with even a small number of states is fairly high and there is no
a priori upper bound on the number of states needed, so parameterizing the encoding with
respect to the number of states is necessary. Solutions are first sought for by running a
theorem-prover with encodings with a small number of states and points of time, and then
gradually increasing the values of these parameters.

The formulae for formalizing conditional plans of this form are given in igure . efine

Schemata 2. and 2.2 state that for every state there is exactly one
condition. Schemata 3. -3.4 state that for every state there is exactly one successor state
for both the true and the false value of the condition. This is needed to ensure that the































































