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Abstract

Reasoning about actions and plans is a vital aspect of the rational behaviour of intelligent agents,
and hence represents a major research domain in artificial intelligence. Much work has been
undertaken to develop logic-based formalisms and problem solving procedures for plan represen-
tation and plan synthesis. This paper consists of a survey of various paradigms for reasoning about
actions and plans in artificial intelligence. Attention is focused on the logic-based theoretical
frameworks which have built a formal foundation for the domain-independent approaches to the
general principles of reasoning about actions and plans.

1 Introduction

It has been widely recognized that one of the most important problem solving behaviours for an
intelligent agent is the ability to reason about actions and plans. Since the 1960s, much work has
been done to create various formalisms and problem solving technologies for implementing this
ability. As a result, reasoning about plans or planning has become a major research domain in
artificial intelligence.

In this paper, the various paradigms of reasoning about actions and plans are discussed. An
attempt has been made to briefly characterize the nature of each of the different formalisms. The
focus of attention is on representations of the world, world models, events, actions and plans. To
achieve a good understanding of the various paradigms, some consideration of fundamental theory
is useful, and this is briefly reviewed. Widely-accepted formal notations are used throughout, so
that many original concepts have been described in translated form.

The survey on which this article is based was carried out to provide a theoretical framework for
automated planning in engineering applications. The authors have been primarily concerned with
the implementation of automated planning in manufacturing, where important areas of interest
include robot planning, process planning and inspection planning. Because of the potential
consequences of failure, applications of this nature should be ideally based on provable logic-based
formalisms to ensure that the automated planners function correctly.

/. 2 Preliminary Normalizations

A plan usually means a detailed synthesis of a program of actions; where actions represent the
rational activities of agents aimed at problem solving. Reasoning about plans can be informally
defined as a process in which a set of actions is inferred and formulated through an understanding of
the world. The agent's objective will be achieved when this set of actions, which forms a plan, is
performed.

The earliest proposal to formalize the problems of reasoning about plans was situational
calculus, introduced by McCarthy and Hays (1969). As an extension of classical predicate logic,
situational calculus not only maintained all the machinery of classical logic, but also elegantly
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characterized the concept of world states and actions by introducing a temporal notion, i.e.,
situation. Green (1969a,b) was the first researcher to implement the deductive procedures in
reasoning about actions and plans. By means of resolution theorem proving, Green illustrated how
constructive proof procedures could be used for synthesizing plans of action for robots. Situational
calculus and deductive techniques based on theorem proving procedures underlie most paradigms
of reasoning about actions and plans. As a result, the fundamental formalisms and problem solving
techniques developed later are intensively based on various logics.

A problem domain can be regarded as a world which is formalized as a set 5 of potential world
models, each of which represents a state of the world at an instant of time. A set A of allowable
actions can be defined in terms of the agent's problem solving activities. A sequence P of actions
forms a plan if the agent's objective can be achieved by performing P. Reasoning about plans is
essentially a problem of synthesizing a sequence of actions that transforms the world from an initial
state model to one in which a given goal is fulfilled. The following definitions are presented here as a
basis for discussion in the following sections.

Definition 1.2a A world model 5 € S is a logical description of a state of the world at a given instant
of time, sis generally represented as a set of formulae of a first-order language L:s = {/i,/2,. • •/,„},
in which /,-(/= 1,2, . . ., m) must be wffs in L. A world model is also referred to as a state of the
world.

Definition 1.2b An action/e A is a mapping from state to state./can be defined as a binary relation
R upon S: / : (sh Sj) e R, in which s, e S, Sj e S. It is said that Sj is directly reachable to sh written as

Definition 1.2c Let M be a sequence of states as follows: M = [so>Si> • • • sn+\]> m which s,e 5(0 ^ i

=£ n + 1), then M is referred to as a world history iff for any pair of adjacent states (?,, si+t), s,- is a
history of si+l, i.e., there exists an act ion/ e A such tha t / : (sh si+{) e R (0 ^ i ^ n).

Definition 1.2d Let c, and cG be an initial condition and a goal condition respectively, then an
action sequence P = [fo,f\, • • .,/«]formsaplanif Pproduces a world history M = [so,Si, • • -,s,,+i]
such that Cj D s0 and cG D sn+l. It is said that sn+\ is reachable to s0, written as Sj D Sj.

Definition 1.2e Let S be a set of potential world states, c, an initial condition, and cG a goal
condition. A plan can be achieved by proving the following theorem:

(VSoH) D Cl I" (3^)((^0 => Sn) A (Sn D CC))

which states that for an initial state so(s{) e S) in which ct is logically true, there exists a state sn(s,, €
5) such that sn is reachable to s0 and c c logically holds in sn.

1.3 Classical problems

A problem of reasoning about plans is referred to as a classical problem if the problem domain is
only concerned with a single agent as a potentially state-based model of the world. The classical
problems of reasoning about plans have been generally considered as follows: at any instant of
time, the world is regarded as being in one of a potentially infinite number of states. Various
properties remain unchanged in each of these states. The world changes from one state to the next
only by the,occurrence of an action.

The classical problem framework has been used to express real-world problems that involve
a single agent, such as a robot operating in an environment in which the world can be formalized
as a sequence of state models and changes take place only as a result of the occurrence of actions.
This framework underlies the development of many planners, such as STRIPS (Fikes & Nilsson,
1971), ABSTRIPS (Sacerdoti, 1973), NOAH (Sacerdoti, 1975), NONLIN (Tate, 1976), and
others.
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2 Three basic problems

Reasoning about plans gives rise to three basic problems: the qualification problem, the ramifi-
cation problem and the frame problem. They result from attempting to formalize changes to the
world, caused by the occurrence of events or actions. One of the major difficulties in reasoning
about actions and plans has been identified as seeking solutions to these three problems, as it is
impossible to discuss reasoning about plans without involving these problems. Historically, the
various paradigms in the classical problem framework, result, to some extent, from the different
solutions which have been proposed.

2.1 The qualification problem

The qualification problem was introduced by McCarthy (1977). It is also called the interframe
problem (Shoham, 1986). The problem arises as a result of the fact that specifying the effects of
actions is usually subject to qualification (Georgeff, 1987b). In other words, the qualification
problem is concerned with specifying the preconditions under which actions can take place.

Suppose that a is an action, Pa denotes the precondition, and Ca the consequences, expressed as
follows:

Ca= {c,,c2, ...,<:„}

where p,(l =£ /' ^ «i) and c,(l ^ i ^ n) are facts and relations regarding world states. The
performance of action a can be defined as follows:

(Vs,-)(5,-D Pa) \- (3si+l)((s,^si+1) A (Si+i D Ca))

The difficulty is that it may not be epistemologically feasible to define Pa by explicitly listing all /?,•(!
=£ / =£ m) since there might be too many things that could possibly affect the qualification of a. As an
example, consider all the factors which could prevent an aircraft from taking off.

2.2 The ramification problem

The ramification problem was named by Finger (1986). The problem is that the consequences of
actions must be exhaustively recorded to represent changes of the world which are caused by the
actions.

To record the consequences Ca= {c, c2 . .., c,,} of a, all the cn{\ ^ / ^ n) have to be explicitly
listed to represent intended changes of the world caused by a. However, for any given action a,
there are potentially an infinite number of possible results that might occur, depending upon the
details of the situation in which the action occurs (Georgeff, 1988). For instance, there are a great
number of trivial changes which might result from moving a desk from one place to another in a
study.

2.3 The frame problem

The frame problem was recognized by McCarthy and Hayes (1969). Essentially, it is the problem of
describing and inferring all properties that remain unchanged when actions are performed. This
problem has been regarded as a major difficulty for reasoning about actions and plans.

As an illustration for this and other issues, we can use a stacking example which illustrates
planning problems in the block world. Suppose that in this world there are four blocks a,, a2, a3, a4,
and the floor / which are characterized as locations. A state of the block world is described as
follows:
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on(a2j2),

on(a3, a2), clear(a3),

on(a4, /3), clear(a4)

which is illustrated in Figure 1. Consider two simple move actions in the block world. The two
actions are defined as (1) stack block x to the top of block y, and (2) unstuck block x to location I.
They can be expressed as follows:

clear{x) A dear{y) D on(x, y)d(stack{x.y))

dear{x) A clear{l) D at(x, l)do(linslack{x, 0 )

These two descriptions are referred to as the action descriptions which represent intended changes
of the world caused by the actions. However, to reason about the future of the world, describing
what will remain unaffected is as important as describing what will be changed following an action.
For instance, stacking fll onto a4 leaves a2 and a3 untouched. Therefore, the following descriptions
are also required to state all unchanged properties after action stack(x, y):

on(z, z,) A ~\is(x, z) D on(z, Z\)do{stack(Xty))

at{z, 1) A iis(x, z) D at(z, l)Mstack(x,y))

clear(z) A ~\is(z, y) D dear{z)do{stack{x,y))

These descriptions are referred to as the frame descriptions. Similarly, the frame descriptions are
also required to state all unchanged properties after action unstack(x, I).

The difficulty is that a large number of such frame descriptions have to be explicitly provided for
stating that many properties remain unaffected by actions. From an epistemological point of view,
it is very tedious to list exhaustively all frame descriptions for every action and every property of
interest. Generally, if there are m possible actions and n properties, then as many as m X n frame
descriptions have to be provided for describing all properties which persist following actions
(McCarthy & Hayes, 1969). As a result, most steps of a proof will focus on checking that many
properties still remain true following every occurrence of event and action (McDermott, 1987).

2.4 Summary

The qualification problem, the ramification problem and the frame problem arise from attempts to
formalize world changes caused by the occurrence of events or actions. To a great extent, the first
two problems display a contradiction in attempting to draw a conclusion about the future with
incomplete knowledge of the world. In practice, these two problems do not seem to be so difficult.
This is because successful problem solving usually does not necessarily require a complete
knowledge of the world, but only knowledge related to the local problem. For example, to find out
what prevents an aircraft from taking off, the ground engineers do not have to worry about external
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events like the runway is blocked or the weather is bad. That means that some appropriate
assumptions regarding the world have to be made for effective problem solving. However, the
frame problem reflects an intrinsic difficulty in formalizing changes of the world in any logic-based
deductive process. As long as reasoning is dealing with state, which temporally represents the
world, we will be confronted with the frame problem in one way or other.

There have been many solutions to these problems, especially to the frame problem: STRIPS
(Fikes & Nilsson, 1971), modal logic (Schwind, 1978; Brown, 1978), truth maintenance system
(Doyle, 1979), non-monotonic logic (McDermot & Doyle, 1980), default logic (Reiter, 1980),
circumscription (McCarthy, 1980,1986), and abnormality (McCarthy, 1986). All solutions can be
viewed as meta-theories regarding the making of appropriate assumptions about the given problem
domain (Poole et al., 1986).

3 The monotonic paradigm

The monotonic approach to reasoning about plans is inherently based on classical logics which obey
the property of monotonicity. In this approach, a state-based world model is adopted to formalize
the problem domains. A state of the world is represented as a set of sentences, whereas an action is
characterized as a transition from state to state. By means of the classical rules of inference, the
resolution theorem proving procedure is applied to infer a state in which the goal axiom can be
proved.

3.1 Monotonic logics

Monotonic logics are logics such that logical conclusions of any theory cannot be invalidated by
adding new knowledge. This property of monotonicity can be defined as follows:

Definition 3. la A logic is referred to as a monotonic logic is when a proper axiom is added to a
theory Th{ to create a new theory Th2, then any theorem p of 77i, is also a theorem of Th2, i.e.,

(Vp)(T/I, h p ) A (77;, C Th2) h (Th2 h p)

All classical logics, such as propositional logic and predicate logic, are monotonic.

3.2 Situational calculus

The earliest formalism to represent reasoning about plans is situational calculus (McCarthy &
Hayes, 1969). Situational calculus retains the monotonic character of classical logics, and inherits
the complete expressiveness of first-order predicate logic. Therefore, situational calculus provides
a well-defined semantics which facilitate the proving of completeness and soundness. Most
paradigms so far developed adopt the fundamental notions of situational calculus and its variants to
formalize problems.

To cope with changes of the world, a temporal notion, advanced as a new argument called
situation or state, was introduced into situational logic. A situation represents a state of the world at
a given instant of time:

Definition 3.2a Situation s is a temporal argument associated with a predicate such that a statement
thatp(x) logically holds in situation s is expressed asp(x, s), where x is a vector (xux2 . . -,xm) of
variables.

For example, in the block world which we have considered previously, on(a2, a3, s0) describes
that block a2 is on block a3 in situation % Furthermore, a2 may be moved elsewhere in a subsequent
situation s,, causing formula clear(a3, sx).

The concept of situation was also introduced into the description of actions in situational
calculus. The transformation from one situation to another is formalized as an event term that
represents a relation between action and situation.
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Definition 3.2b A transformation from situation sx to sy is an event term that can be described as
the following relation R between sx and sy: sy = R(a, sx), where a is an action which occurred in
situation sx.

Returning to the block world example, suppose that block a2 is unstacked from the top of a3 to
location / on the floor in situation s0- Thus, the result of action unstack{a2, I) can be stated as
follows:

(Vs0)(on(a2, a3, s0) A dear(a2, s0) A clear(l, s0)) D (clear(a3, s,) A at(a2,1,s,))

in which S, = R(unstack(a2,1), s0). Situational calculus provides explicit axioms to represent the
action descriptions and frame descriptions, as discussed in Section 2.3. Two sets of axioms are used
to formalize reasoning: (1) action axioms, which are concerned with all facts and relations that will
change following each action; and (2) frame axioms, which are concerned with all facts and
relations that will not be affected by each action.

In the block world example discussed in Section 2.3, the action axiom about stack(x,y) is as
follows:

(VjcVy)(on(x, y, s) A clear(x, s) A clear(y, s))

D clearfy, R(stack(x, y), s) A on(x, y, R{stack{x, y), s))

In addition, the following frame axioms are needed to state what remains unaffected by the action
stack{x, y):

(VZV20(O/J(Z, 2,, s) A -\is(x, z, s)) D on(z, zu R(stack(x, y), s))

(Vz\/l)at(z, I, s) A iis(x, z, s) D at{z, I, R(stack(x, y), s))

(yz)dear(z, s) A ~\is(z, y, s) D clear(z, R(stack(x, y), s))

A major obstacle with paradigms based on situational calculus is the frame problem. Two
difficulties arise in the frame problem: (1) the epistemological difficulty, where a large number of
frame axioms must be explicitly provided, describing all properties that are not affected by each
action; and (2) the computational difficulty, in which all properties and relations must be examined
to make sure that they still hold following every action.

4 Non-monotonic paradigms

Classical logics follow the principle of monotonicity, i.e., the addition of new theorems to a theory
does not invalidate the conclusions which have been reached previously. The position, however, is
different in human commonsense reasoning, where a conclusion is often reached with incomplete
knowledge about the world. This implies that a conclusion might be subsequently revised when
new knowledge is added.

In reasoning about actions and plans, any form of problem formalization will lead to an
incomplete description of the world. That means that the reasoning is essentially carried out with
incomplete knowledge of the world. The three basic problems, to a great extent, result from the
conflict between the requirement of sufficient knowledge for problem solving and the impossibility
of completely describing the world.

Classical logics strictly follow the property of monotonicity such that they may lack mechanisms
to deal with an incomplete description of the world, for instance, drawing a conclusion with
insufficient knowledge, or revising a conclusion that has been made previously. The limitation of
monotonic logics has prompted the development of non-monotonic logics in which the principle of
monotonicity is no longer obeyed.

4.1 Non-monotonic logic

Non-monotonic logics are logics such that the logical conclusions of any theory may be invalidated
by adding new knowledge. This non-monotonicity can be defined as follows:
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Definition 4.1a A logic is referred to as a non-monotonic logic if when a proper axiom is added to a
theory 77J, to create a new theory Th2, some theorems of Thx may be invalidated in Th2, i.e.,

(3/0(771, I- p) A (771, C 77i2) h nof (Th2 V- p)

where the connective I- ,,o, denotes non-provability.
There are many circumstances in which knowledge about the world is so incomplete that some

assumptions may have to be made for drawing a possible conclusion, but this conclusion is
thereafter subject to being revised if and when more knowledge becomes available.

For instance, suppose that x is an animal. In the absence of any other knowledge about x, an
assumption may be made with respect to the normal abilities of animals. Thus, a conclusion is
inferred that x cannot fly. However, when more knowledge about x, such as that x is a bird, is
added, then the previous conclusion about x is violated according to knowledge about birds, and it
may be revised as: x can fly. Furthermore, such revisions could happen again with the addition of
new knowledge about x, such as: x is a penguin.

A conclusion is referred to as a belief 'if it is drawn on the basis of some assumptions, and may be
invalidated with the addition of new knowledge about the world. Non-monotonic logics intend to
model beliefs with incomplete knowledge such that they can be revised in the light of new
knowledge of the world.

As a result of making assumptions about the world, a number of sets of new beliefs may be
produced from available beliefs under the mon-monotonic inference. A set of new beliefs is called
an extension which represents an internally consistent and coherent state of the world.

McDermott and Doyle (1980a,b) created a general framework of non-monotonic logics by
analysing non-monotonic semantics and provability. They presented a formalization of non-
monotonic reasoning which captures most of the important properties, especially with regard to the
structure of models of non-monotonic theories and their behaviour upon extension by new beliefs.
McDermott and Doyle established their non-monotonic logic based on classical logics by extending
them with a modality M, standing for consistency:

Definition 4. Ib Let p be a formula, if ~\p can not be proved from all the beliefs available, then p is
regarded as being consistent with everything believed.

Definition 4.1c Let/? be a formula, M is a modal operator such that Mp denotes thatp is consistent

with all the beliefs available.

Definition 4. Id A new rule of inference in the context of non-monotonic logic can be defined as: if
~\p is not provable, then Mp can be inferred, i.e., iprovable(ip) t- Mp.

For example, consider the following theory which formalizes the belief about birds with respect to
their ability to fly:

1 (Vx)(bird(x) AMability-to-fly(x)) =>/M*)
2 bird(penguin)
3 fly{penguin)

(1) is translated as: if x is bird and if x's ability to fly is consistent with general beliefs about birds,
then that x can fly is inferred. According to (1) and (2), conclusion (3) can be drawn. However, (3)
may become inconsistent with the beliefs when knowledge about penguins is added. Consequently,
(3) may be revised according to the new set of beliefs.

Other important approaches to non-monotonic reasoning include truth maintenance system
(Doyle, 1979), default logic (Reiter, 1980) and circumscription (McCarthy, 1980, 1986). In the
context of reasoning about actions and plans, we will only discuss default logic and circumscription.

5 Default logic

Default logic was proposed by Reiter (1980). As one of the formalizations of non-monotonic
reasoning, a noteworthy feature of default logic is the introduction of default rules which serve as
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additional rules of inference. Default reasoning can be generally described as the process of
drawing a conclusion in the absence of any information which is inconsistent to do so.

Definition 5a Let x, y,(l =£ / ̂  m) and z be sentences of first-order predicate logic, then a default is
represented as follows:

x: Myu...,Mym

where x is called the prerequisite, yt (1 ̂  i ̂  m) the assumptions, and z the consequence. The syntax
of default rule can be translated as: if A: holds, and it is consistent to believe that y,(l =£*'̂  m) hold,
then z is believed to hold.

One important example of default reasoning is the so-called closed world assumption: only
positive knowledge about the world need be explicitly represented. Negative knowledge is not so
represented, but is inferred by default (Reiter, 1978).

Definition 5b Let p be a predicate, and JC a vector (*i, x2, . . ., xm) of variables, then the closed
world assumption is formally expressed as follows:

:Mnp(jc)

lp(x)

which states that, for any predicate/? and vector*, ip(x) can be assumed whenever it is consistent
to do so.

Unlike traditional monotonic inference, default rules are defeasible. For example, in Definition
5a, 2 can be inferred in the absence of knowledge which contradicts beliefs y,(l < / ̂  m); but once
any "Ty,- becomes provable, then the default rule is no longer applicable and belief z may be no
longer true. Thus, default reasoning is non-monotonic.

For instance, if x is a bird, and there is no knowledge available suggesting that x should not fly,
then the belief that x can fly is consistently inferred, this is expressed as follows:

birdjx): Mflyjx)

fly(x)

But as soon as ~~\fly(x) is provable with the addition of knowledge, such as that x is a penguin
becomes known, belief fly(x) will no longer be true.

For a set D of default rules and a set Wof beliefs about the world, default reasoning enables one
to derive additional information which, together with D, is composed of a more complete extension
of beliefs. Reiter formally defined the concept of extension in order to provide a proof theory of
default logic.

Definition 5c A default theory Tis defined as the following tuple: T = (D, W), where D is a set of
default rules, and W is a set of sentences describing the facts that are believed to be true.

A default theory T = (D, w) may define none or more sets of sentences which are derived by
applying D to W, and these sets are referred to as the extensions of default theory T = (D, W).

Definition 5d T = {D, w) is a default theory. For any set S of closed first-order wffs, let T(S) be the
smallest set with the following properties:

1 W c r ( S ) ;
2 T(S) is a subset of closed wffs of L such that

r ( 5 ) = ThL{T{S)) = {s\s eLA T(5) I- s};

3 for any default

x:Myu...,Mym eD
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iixe F(5) and Ty,(l ^ / ^ m ) g F(5), then 2 € F(5). Any set £ of closed first-order wffs is called an
extension of T = (D, W) if E = F(£). Note that a wff of L is said to be closed iff it contains no free
variables.

Definition 5e Let T= (D, W) be a default theory. For any sentence/?, if p is derivable from T= (D,
W), i.e., T = (D, W) \-Dp, then/7 must belong to one of extensions of T = (D, W). \-D denotes
provability under the default inference.

Any extension of default theory T = (D, W) is essentially a possible set of beliefs derived from W
under D. Extensions can be looked upon as internally consistent and coherent states of the world.
Default reasoning is really an inferential process of selecting one extension of a default theory, and
then reasoning about this extension until new knowledge establishes a further modification of
beliefs, and hence results in selecting a new extension (Hanks & McDermott, 1987).

As was discussed in Section 2, the basic problem with the monotonic approach to reasoning
about plans is that a great number of the frame axioms must be provided to state all properties
which remain unchanged following every action. Default logic suggests a solution to the problem
by using the default rules to infer unchanged properties. The basic idea is that a frame default is
coupled with world models such that the frame axioms are neither explicitly represented nor
explicitly used in reasoning.

Definition 5f Let p(x) be a sentence of first-order language, a an action and s a situational
argument, then a frame default is expressed as follows:

p(x,s):Mp(x, R(a, s))
p(x,R(a,s))

which states that if p(x) holds in situation s, and it is consistent to believe that p{x) still holds
following action a, thenp(.v) is believed to hold in situation R(a, s). According to this default rule,
every action a is assumed to leave every p(x) unaffected unless it is possible to prove p{x) has been
changed by action a.

By using default rules, the solutions to the qualification problem were also proposed by some
researchers (McCarthy, 1980, 1986; Shoham, 1986; Ginsberg, 1988b; Lifschitz, 1987a; Goebel,
1987). Suppose that a is an action with the qualification Pa, the consequence Ca and the negative
qualification Na which disables the intended effect of a. A predicate prevent(x) is defined as:
something prevents action x from being successfully performed. Thus, action a can be expressed as
follows:

(hold(Pa, s) A -]prevent(a, s)) D hold(Ca, R(a, s))

Without computing the negative qualification, it is consistently believed to be false unless
knowledge to the contrary can be proved. To achieve this, a default is defined as follows:

hold(Pa,s):M^hold(Nn,s)

~\prevent(a,s)

which means that, for any action a, if Pa holds and ~\Na is consistently believed to hold, then
~\prevent{a,s) can be inferred, i.e., there is nothing that prevents a from being successfully applied
in situation s.

Although default logic suggests a promising solution to the problems of the monotonic
paradigms, some problems still remain to be solved. For example, a computational difficulty stems
from the satisfiability tests required in the proof procedure. Ginsberg et al. (1988a,b) discussed the
potential complexity in computing the negative qualification of actions when a complicated domain
was involved. Furthermore, a foundational difficulty was uncovered by Hanks and McDermott
(1986). They presented the so-called Yale shooting problem to show that the default reasoning
formalism was still inadequate for reasoning about plans. Various methods to implement default
reasoning have been proposed to overcome those problems; Shoham (1986) developed a default



H. LEE ET AL. 100

reasoning associated with temporal reasoning; Morris (1986) proposed an alternative form of
default reasoning which was connected with truth maintenance system, etc.

6 Predicate circumscription

Circumscription was introduced by McCarthy (1980, 1986) as a general formalization of non-
monotonic reasoning, extending classical first order logic. Being used along with the classical rules
of inference in first order logic, circumscription acts as a rule of conjecture to arrive at conclusions
about the world. The correctness of the conclusions depends on the available beliefs about the
world that are taken into account when the circumscription is made. This rule of conjecture can be
described as: the objects that can be shown to have a certain property P by reasoning from certain
facts A are all the objects that satisfy P (McCarthy, 1980).

For instance, a car can be driven unless there is something wrong with it or there exists something
which prevents the car from being driven. Circumscription may be applied as a rule to conjecture
that the only factors which keep the car from being driven are those that can be confirmed from all
known facts about the car. In other words, if no evidence, such as the presence of a wheel clamp or
an engine malfunction, can be proved from the known facts, then the car should be concluded to be
in normal condition for driving.

Definition 6a Let A(P) be a sentence of first order language L, P(x) a predicate in which x is a
vector (xb . . ., xm), and $ a predicate expression, then the circumscription of predicate P(x) in
sentence A(P) can be defined as the following sentence schema:

A(Q) A (Vx)(*(x) D P(x)) D (Vx)(P(x) D <&(*))

In this sentence schema, A(0) assumes that $ satisfies what P(x) satisfies in A(<t>). (V*)<J>(x) D P(x)
assumes that the vectors x satisfying $(*) also satisfy P(x). As a result, it is concluded, by asserting
(VJC)P(X) D <£>(X), that the vectors satisfying $>{x) are those that have to satisfy P(x) in A(P).

In Definition 6a, A can be regarded as some known facts, and P a certain property by reasoning
from A. The circumscription of P formalizes a special rule of inference: for any property 4>, if A still
holds by replacing P with <£ in A, and that object x satisfies O logically implies that object x satisfies
P, then property 0 is not something else, but coincidentally P.

Definition 6b If sentence q can be proved by deduction under the circumscription of predicate P(x)
in A(P), then sentence q is referred to as a theorem of A(P). This is denoted as follows: A(P) h-c q,
in which hc is called circumscriptive inference.

Consider the following illustration. Suppose that A is a sentence about our example block world:

(VxVyVs)on(y, x, s) D ~\clear(x, s)

This asserts that x is not clear if there exists a block y on x in situation s. Circumscribing predicate
iclear(x, s) syntactically formalizes the inference that the blocks that can be shown satisfying
~\clear(x, s) by reasoning from facts A are coincidentally those blocks that have to satisfy ~\clear{x,
s), this can be expressed as follows:

(VxVyV.s)(0H(y, x, s) D O(x, s)) A (0>(x, s) D ~\clear(x, s)) D {~\clear{x, s) D $(JC, s)) (1)

Suppose that s is a situation regarding the block world consisting of five blocks and the floor:

s:{

on(ax, a2), clear(a{)

on(a3,a4), clear(a3)

on(a5,floor), clear(a5)
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If we substitute O(x, s) = (on(au x) V on(a3, x)) into (1), then we have

(VxVs)-\clear(x, s) D (on(au x) V on(a3, x)) (2)

Consequently, we have all the theorems of A under the circumscription of ~\clear(x, s):

A t-c ~\clear(a2, s), A \-c iclear(a4, s)

To represent knowledge about an entity, it is usually stated which property is normally true unless a
certain abnormality is mentioned against the normal case of the entity. For instance, a bird can
normally fly unless this bird is abnormal with respect to the ability to fly. To reason about the world
with incomplete knowledge, the abnormal aspects of entities should be represented in such a way
that normality may be assumed about other aspects of the entities. Circumscription can be used to
minimize the abnormality of entities involved. To do this, McCarthy (1986) introduced a predicate
ab to represent the abnormal aspects of entities.

Definition 6c ab is such a predicate that any one of abnormal aspects of entity z can be expressed as
follows: ab(aspect, z). ab is referred to as abnormality predicate.

For instance, the following sentence axiomatizes the fact that a bird can normally fly unless the
bird is abnormal with respect to the ability to fly:

(yx){bird{x) A -\ab(ability-to-fly, x)) ^fly(x)

which states that x can fly if x is a bird and x is normal with respect to the ability to fly.
Circumscribing lab in the sentence inferentially assumes the normality of x.

Definition 6d Any action a with the consequence Ca can be axiomatized by using the abnormality
predicate ab

(\/s)-]ab(aspect, a, s) D hold(Ca, R(a, s))

which states that action a in situation s will successfully achieve its intended effect Ca unless
something is abnormal in s.

For example, action stack(x, y) is described as follows:

(VxVyVs)~\ab(aspect, stack{x, y), s) D on(x, y, R(stack(x, y), s))

and the abnormal aspects which prevent action stack{x, y) from being successfully performed could
be:

(VxVyVs)~\clear(x, s) D ab(aspectl, stack(x, y), s)

(VxVyVs)~]clear(y, s) D ab(aspect2, stack(x, y), s)

The predicate ab can be circumscribed in the conjunction of the two sentences above to minimize
the abnormal aspects of action stack(x, y):

(Vx\/yVs)~\clear(x, s) A <$>(ab(aspectl, stack(x, y), s)) A (VxVyVs)~lclear(y, s)

A $>(ab(aspect2, stack(x, y), s)) A(V*VyVsVz)<5(z)

D ab(z, stack(x, y), s) D (Vz)ab(z, stack(x, y), s) D $(2)

As can be seen from Definition 6d, the precondition of action a is not explicitly listed. Instead, only
the abnormal aspects of a are specified. The circumscription of ab minimizes the abnormality by
stating that the only factors that can disable an action are as already specified. Thus, circumscrip-
tion provides a solution to the qualification problem in reasoning about plans.
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Circumscription also provides a solution to the frame problem. The basic idea is that, by
assuming the normality of an action, any property that cannot be proved to change remains as it
was, following the action. McCarthy used an axiom schema to state that property p remains
unchanged in situation R(a, s) following action a in situation s unless a certain aspect of action a is
abnormal. For instance, on(x, y, s) remains unchanged following action a, if a consists in doing
something other than moving block x away from y:

(Vx\/y\/s)~\ab(aspectl, a, s) A on(x, y, s) D on(x, y, R(a, s))

Similarly, at(x, I, s) and clear(y, s) are not effected if action a neither intends to move x away from
location / nor to move another block onto y:

(VxVlVs)-\ab(aspect2, a, s) A at(x, I, s) D at(x, I, R(a, s))

(VyVs)~\ab(aspect3, a, s) A clear(y, s) D clear(y, R(a, s))

By circumscribing predicate ab, the abnormality of an action will be minimized such that property p
is inferred to remain unaffected by action a in any situation which does not make a abnormal.

Circumscription provides a formalized rule of conjecture that can act as a special inference rule
for non-monotonic reasoning. In reasoning about plans, causal connections between actions and
changes can be axiomatized by using circumscription such that the frame problem and the
qualification problem may be effectively solved. However, circumscription suffers the same
problem as default logic. The result of circumscription is still inadequate for the successful
formalization of reasoning about actions. McCarthy discussed an example to illustrate the
difficulty. Details can be found in McCarthy (1986) and Lifschitz (1987b).

Default reasoning and circumscription can be applied to formalize reasoning about actions in the
framework of situational calculus. An effective solution to the frame problem is provided in both
methods. Compared with default logic, circumscription is more general because it is applicable to
any predicate, although they produce the same results in many simple cases (McCarthy, 1986).
Both McCarthy and Reiter suggested that there might be some interesting relationships between
default logic and circumscription.

7 The STRIPS calculus

A different approach to reasoning about plans is STRIPS due to Fikes and Nilsson (1971). As one
of the alternatives to situational calculus, the STRIPS formalism has been widely used in many
planning systems, such as ABSTRIPS (Sacerdoti, 1973), NOAH (Sacerdoti, 1975, 1977), WAR-
PLAN (Waldinger, 1977), NONPLAN (Tate, 1977) and SIPE (Wilkins, 1983).

The STRIPS formalism does not explicitly deal with situation or state. As a special case of a
default schema, STRIPS maintains a single model of world state at any instant of time by assuming
that every property that exists in the model must be true. A change of the world is formalized as a
state transformation which, as a result of performing an action, is a process of deleting properties
from and adding properties to the current state model of the world. From an initial state model of
the world, a goal formula and a set of possible actions, STRIPS attempts to synthesize a sequence of
actions that transforms the initial world model to the one in which the goal formula is satisfied.

Definition 7a A STRIPS system 2 can be formally defined as the following 4-tuple: 2 = (L, P,C,
OP), where L is a first order language, P C L is set of predicates, C is a set of formulae which
contains all true axioms, and OP is a set of STRIP operator schemata.

In a particular STRIPS system, a world model is a set of sentences of L; predicates in P C L
describe the state attributes of objects in the world; C axiomatizes all the domain constraints; and
OP characterizes all actions. As an example, let us consider a STRIPS system S = {L, P, C, OP) for
the block world, in which
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L = {

"I, V, A, D , . . . /*connectives*/

A,B, . . ./Constants*/

a,b, . . ./*variables*/

on, at, above, clear,. . . /*predicates*/

} •

P = {

on(x,y)/*x is on y*l,

at(x, l)l*x is at /*/,

above(x,y)/*x is above y*l,

clear(x, y)/*the top of x is clear*/,

(VA'Vy)o/i(x,y) D

(VxVl)at(x, 1) D -iclear(l),

(VxV_y)o/i(x, y) D above(x, y),

(VxVy\tz)on(x,y)Ay^zD -\on(x, z),

In this example, L contains a subset P of predicates which is defined to describe the spatial
relationships between blocks. C states the domain constraints in the block world. Any sentence in
C is true in any situation. We ignore the set OP of operators for the time being.

In STRIPS, actions are formalized by operator schemata that organize all possible actions into
different families. To describe a family of actions, an operator schema is established by specifying
the preconditions and consequences of the actions.

Definition 7b An operator schema OP(xu . .., xm) can be defined by an operator description
consisting of a triple: (OPP, OPD, OPA), in which OPP is called the preconditions which is a
conjunction of atomic formulae of L, OPD and OPA are sets of sentences of L, and are respectively
called the delete list and the add list.

An instance operator OP{Xy, .. ., Xm) is obtained by substituting a specific constant vector
A' = (Xu . . ., X,,,) for the parameter vector A: = (JCI; . . ., xm) in 0P(x\, . . .,xm), i.e., OP(x)\x=x-
During the problem-solving process, the parameter vector x will have been already replaced with
the specific constant vector X whenever an operator becomes applicable to a world model.

For instance, the STRIPS system for the block world, as described previously, may have a set OP
of operator schemata as follows:
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OP={

moveb(x,y,z)

OPP: on(x,y), clear(x), clear(z)

OPD: on(x,y), clear(z)

OPA: on(x, z), clear(y)

movefcc, / , , / 2 )

OPP: at{x,lx), dear{x), clear(l2)

OPD:at{x,h),clear{l2)

OPA: at(x,l2), clear{lx)

stack(x, I, y)

OPp. at(x, I), clear(x), cleariy)

OPD: at(x, I), clear{y)

OPA: on(x,y), dear{l)

unstack(x,y, I)

OPP: on(x,y), clear(x), clearQ)

OPD: on{x,y), clear(l)

OPA:at(x, I), clear{y)

}•

The satisfaction of OPp will lead to the application of operator OP(X) which is fully instantiated.
As a result, the state model initiating OP(X) is modified with two mechanisms: deleting OPD from
and adding OPA to this model. Consequently, a new world model is produced.

Definition 7c Let st be a state model of the world, and OPiX) an operator. If 5, D OPP, then the
application of OPiX) will produce a new model s,+1 as follows:

si+l = (Si-OPD(X))UOPA{X)

where s,- - OPD(X) = {x\x e s, Ax e OPD(X)}.
A problem space with respect to a STRIPS system X = {L, P, C, OP) is defined as a triple

{S, su cG), where S is a set of state models, s^ e S is the initial world model and cG is the goal
statement which is a set of axioms. A plan F = [ a , , . . . , am] with respect to (S,su cG) is accepted by
2 = (L, P, C, OP)iiF defines a sequence of world models M = [s0, . . -,sm] such that s, = (s,_, -
ao) U aA, in which a,(l =£ / ^ m) are operators a n d s , ^ D aP(l ^ i ^ m). Note thats0 D S/and cG.

A theorem proving procedure is applied to synthesize plans. For a given problem space
(S, s,, cG), the theorem prover starts to search for a plan by attempting to prove s0 D cG. If it
succeeds, then the problem is trivially solved. Otherwise the unsuccessful proof is specified as the
difference between s0 and cG. In order to reduce this difference, the GPS means-ends analysis
strategy (Newell & Simon, 1963) is applied to search for the operators which may affect s0 such that
the unsuccessful proof can be continued. As a result, a number of subgoals are set up in terms of the
preconditions of those relevant operators. The prover works on these subgoals with depth-first
resolution, following the same procedures with which it attempted to prove s0 3 cG, until it
produces a world model sm in which sm D cG.
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By assuming that all the undeleted properties still remain true after an action, STRIPS proposes
a very effective solution to the frame problem. As a result, the lack of frame axioms allows
reasoning to concentrate on the search effort. However, the STRIPS formalism is not as expressive
as situational calculus (Waldinger, 1977). The operator calculus behaves very awkwardly in many
circumstances. For instance, an operator description requires the delete list to include explicitly all
sentences that could be possibly affected by an action, although the truth value of some of them can
be strictly deduced from other axioms. In addition, the operator formalism fails to maintain the
consistency of world models. For instance, if q is a sentence, for a fully instantiated operator OP{X)
= (OPP, OPD, OPA), if OPP D ~\q and OPD 2> ~\q, then there is no way to prevent OPA D q, Thus,
operator OP{X) could result in a world model 5 in which sD q and 5 D ~\q, Furthermore, Lifschitz
(1986) has shown that there are certain problems with respect to the semantics of operator
descriptions in STRIPS.

8 The possible worlds semantics and modal logic

Over the last decade, many non-classical logics have been introduced into artificial intelligence. A
different theoretical framework based on the possible worlds semantics and modal logic has been
gradually established to approach reasoning about plans. This approach inherits a view of the world
as a set of state models and of actions as a binary relation between state models. Kripke structures
(Kripke, 1963) were introduced to model the problem domains as a collection of possible worlds
with some relations. By characterizing actions in terms of some kind of state modal logic, such as Z
(Brown, 1986a,b, 1987a,b) and ZK (Schwind, 1978a,b, 1987), the relative possibilities between
possible worlds can be semantically represented and inferred to allow reasoning about plans to be
elegantly formalized.

S. I The possible worlds semantics

The concept of possible worlds was first introduced to develop the semantics for the modal logics of
necessity and possibility (Bradly & Swartz, 1979). As an abstraction of a real world or process, a
possible world may be intuitively regarded as a set of states of affairs that might have been true in
the real world. A possible world is not an independent entity, i.e., a possible world can be defined
only when it is possibly related to other worlds (Kripke, 1963). Such a relation of one world being a
possible alternative to another is referred to as the accessibility relation.

Definition 8. la Let w, and Wj be two worlds, and R be a binary relation, world Wj is regarded as a
possible world with respect to world w, only if H>, is possibly related to Wj by R, this can be expressed
as: {wh wp e R, where R is called the accessibility relation that represents the possibility to relate
two possible worlds.

It was shown by Kripke that the differences between the most important axiom systems of modal
logic consist in some restrictions upon the accessibility relation of the possible-world models in
these axiom systems (Kripke, 1971). In terms of the possible world analysis, Kripke proposed a
structure to create a semantic framework for modal logics (Kripke, 1963).

Definition 8.1b Let S = {/,: w, e W} be a classical structure in which W is a non-empty set of
possible worlds, / an interpretation upon W, and R a binary relation upon W. A modal structure is
defined as a pair: K = (S, R). For wt 6 Wand Wj e W, wftwjdenotes that Wj is possible with respect
to Wj or Wj is accessible from w,. K is called the Kripke structure.

The Kripke structure constitutes the model theoretic semantics for modal logic. Furthermore, it
can be used effectively to formalize reasoning about plans: a Kripke structure K = ({/,„: w e W}, R)
is constructed with a set W of possible worlds, each of which can be interpreted as the description of
a state of affairs regarding the actual world at an instant of time. The accessibility relation R upon W
characterizes relations between possible worlds. Actions can be modelled in terms of the properties
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of R such that for any vw, e W abd w; e W, Wymay be accessible from tv, iff there is an action or a
sequence of actions which transforms the world state described by w, into the world state described
by Wj.

8.2 Modal logic

Classical logics are concerned with indicative sentences which may be referred to as truth-
functional, i.e., each atomic sentence can be interpreted by assigning a value of true or false. As an
extension of classical logics, modal logics are not concerned only with indicative sentences, but also
with modal sentences that represent states of affairs or possible worlds. Consider, for instance, the
following sentences:

1 Block a i is on block a2-
2 It is possible that block ax is on block a2.

Sentence (1) is undoubtedly an indicative sentence because it can be interpreted unequivocally as
true or false. Sentence (2) is a modal sentence. It is true if sentence (1) is true, but may be true or
false even if (1) is false.

Any modal logic must include the following two modal operators: (1) N, which means that it is
necessary (or logical) that; and (2) P, which means that it is possible that. N and P define necessary
truth and possible truth respectively in modal logics.

Definition 8.2a Sentence s is necessarily true—expressed as Ns—in a world w, iff s is true in all
worlds which are possible with respect to w. Ns is referred to as the necessary truth of sentence s.

Definition 8.2b Sentence s is possibly true—expressed as Ps—in a world w, iff s is true in at least
one world which is possible with respect to w. Ps is referred to as the possible truth of sentence s.

Modal operator P can be defined in terms of modal operator N: for any sentence s, Ps <=> ~iN~is.
This can be translated as: sentence s is possibly true iff it is not necessarily untrue.

As a simple extension of classical logics, a basic modal logic includes: (1) all the machinery of
classical logics, (2) modal operator N and P, (3) the law Ps <=> ~iN~ls, and (4) the additional rules of
inference. For instance, most modal logics take the so-called Godel rule as an additional rule of
inference (Godel, 1933):

(77? I- s) D (Th h Ns)

In addition, a basic modal logic can be extended to meet the requirements of different deductions
by adding additional axioms. For example, accessibility relations can be axiomatized in terms of
their various properties. Thus, by including these additional axioms, a more comprehensive and
appropriate modal logic can be constructed to support the Kripke structures. The following axioms
are related to some of the main properties of the accessibility relation used to construct appropriate
Kripke structures for different applications. Other properties can be axiomatized in the same way:

1 Reflexivity: Ns \- s. If sentence s is necessarily true in a world w, then 5 is true in w.
2 Transitivity: Ns \- NNs. If sentence Ns is necessarily true in a set Wx of all worlds which are

possible with respect to w, then s is true in the set W2 of all worlds which are possible with respect
toUV

3 Symmetry: s \- NPs. If sentence s is true in a world w, then Ps is necessarily true in all worlds
which are possible with respect to w.

For example, for a Kripke structure K with an accessibility relation R that is both reflexive and
symmetric, then K should be constructed on the basis of a basic modal logic plus axioms (1) and (3).

8.3 The modal logic paradigm

The theoretical framework of reasoning about plans based on modal logics and the possible worlds
semantics are due to contributions from a number of researchers. Schwind (1978a,b, 1983, 1986,
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1987) proposed an action theory in terms of a modal logic, ZK, which was semantically
characterized by a Kripke-type structure with two accessibility relations. Moor (1980) described a
formal theory of knowledge and action, based on the possible-world semantics and modal logic, to
represent agents' knowledge about the world and actions in planning. Brown (1986a,b) con-
structed the modal logic Z for non-monotonic reasoning. Furthermore, Brown and Park (Brown,
1986a,b, 1987a,b; Park, 1987) defined an action model by using the modal logic Z as a formal basis.
Kautz (1982) described a model for plan generation in terms of a dynamic logic which was
essentially an extended modal logic. Basically, the various approaches all concentrate on the
construction of action models to formalize reasoning about actions. In the following, we emphasize
Schwind's work since it displays a complete framework of the modal logic approach.

Schwind's action theory is developed on the basis of a modal logic ZK, which is an extension of
classical predicate logic plus: (1) modal operator N and P; (2) the law Ps <=> ~IN~IS; (3) the temporal
operators +, which means for all immediately following worlds and —, for all immediately preceding
worlds; (4) additional rules of inference and axioms (Schwind, 1987).

ZK is characterized semantically by a Kripke-type structure with two accessibility relations
formalized by the temporal operators + and - , and modal operators N and P.

Definition 8.3a The model theoretic semantics of ZK is a Kripke-type structure which is defined as
a triple: (S, /?,, R2), in which S = {/,„: w e W}, /?, is called the state relation, and R2 the modal
relation which is reflective and equivalent. R{ characterizes state operator + and - , and R2 modal
operator N.

In terms of ZK structure, Schwind's action theory is developed by introducing the notion of action
model. An action model consists of: (1) a ZK structure, which constructs a problem domain, (2)
some general laws, which represent all the domain constraints, (3) a set of actions, and (4) an initial
world description. Let T(w, s) be a function representing the truth value of sentence s in w e W,
then the formal definition of ZK action model is as follows:

Definition 8.3b A ZK action model is the following 5-tuple:

AM = (M,g,AC,wo,dt))

1 M = <{/,„: w e W}, /?,, R2) is a ZK structure;
2 g is a formula of first-order language, and represents the general laws of AM. Hence, T(w, g) =

true, w 6 W;
3 AC = {(P,,C;)|l =S/^n} is a set of actions. Formula P, and C, are, respectively, precondition and

effect;
4 iv() e W is an initial world;
5 J() is a formula which completely describes the initial world w0, and T(w0, d0) = true.

In a ZK action model AM = (M, g, AC, w0, d0), for any action a e AC, a non-logical axiom is
established to describe: if action a is applicable to a world w,in which a property p is true, and p and
Ca are consistent with the general laws g, then there must be an immediately following world wi+,
in which p and Ca are still true:

This non-logical axiom is called the execution axiom or the action law, and added to the action
model to support deduction in the following two aspects:

1 persistence of property, p persists if it is unaffected by action a and is consistent with Ca and g.
2 detection of inconsistency. Unchanged property p following action a will be no longer true if it is

inconsistent with Ca or g. Thus, an effective solution to the frame problem can be achieved by
establishing such execution axioms.

In the ZK action theory, the execution of any action is characterized as a process of deduction. As
an example, for instance, the execution of action stack(x, y) is axiomatized as a proof that the
following sentence is a theorem of the action model AM
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g A clear(x) A dear(y) h- n + n(g A on(;c, _y))

which means that if clear(x) and clear(y) are true, and they are consistent with general lawg, then
on(x, y), which is consistent with g, holds in the following state resulting from stack(x, y).
Furthermore, state relation /?] is logically related to actions. For w, e Wand w2 e W, w2 is possible
with respect to wl. i.e., wlRiw2, iff there is an action to transform w, to w 2

s u c n that

where T(wu dx) = true and T(w2, d2) = true. Accordingly, for a goal sentence cG specifying a
particular problem, reasoning attempts to search for a path [wu w2, . . ., wn] such that

AM \- ((gAdt) h-1 + n(g Ad/ + 1)) , (1 « i s; n - 1)

in which T(wh d,) = frw (1 ^ i: ^ «) and dn D cG.
In summary, the ZK action theory provides a complete framework of the modal logic approaches

to reasoning about actions. An effective solution to the frame problem is achieved by using
execution axioms or action laws. The same mechanism also works for consistency maintenance.
Time is represented by means of two simple operators, + and - , stating directly following and
directly preceding. Hence, a world can be considered with respect to its history and future.

8.4 The possible worlds approach

The possible worlds approach was presented by Ginsberg and Smith (1988a,b). This approach is
not actually based on modal logic, but is similar to the modal logic approach in modelling the
problems. For a given world wu a possible world w2 with respect to w{ isconstructedin terms of the
consequences of an action and the domain constraints. Instead of a modal logic, the proof theoretic
notion of consistency is applied to reason about possible worlds. Here we only discuss some of the
important concepts in this approach.

Without concerning logical possibility between worlds explicitly, a possible world w2 with
respect to w, is constructed by consistently adding new facts into w, such that w2 is the nearest
world in which the new facts hold. Let S\ be a set of formulae that describes a world w{, and G be a
set of sentences that describes the domain constraints, a possible world w2 with respect to wx is
defined as follows:

Definition 8.4a For a set C of formulae, a possible world w2 for C with respect to w, is described as
any set of formulae S2 C S{ U C such that

1 S2DC;

2 S 2 D G n S , ;
3 S2 is consistent;
4 If there is another S satisfying (1), (2) and (3), then S D S2.

The collection of all possible words for C with respect to w, is denoted by WX(C, S\).
The above definition states: for a world w, described by S,, a possible world w2 with respect to w,

can be described as a consistent subset S2 of S, and a set C of new knowledge. Because the addition
of new knowledge C results from actions, this definition illustrates how actions are inferred by
consistently constructing the results of actions in terms of the current world, domain constraints
and consequences of actions. Consequently, the frame problem is reduced to the persistence proof
by maintaining the consistency between worlds.

To maintain the consistency, Ginsberg and Smith developed an algorithm to construct possible
worlds. The basic idea is: for a world wx with descriptions Si and a set C of formulae, the
construction of S2 that describes a possible world w2 with respect to w, is implemented by proving
the negation ~iq for every sentence q e C. The removal of all these negations from S, will guarantee
that S2 C 5, U C is consistent. Note that S2 D C U (G D 5,).
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Suppose that the proof of ~\qt (g,- € C) is generally described as (P(: ng,) where P, is a set of
premises validating the proof of ~\qt. Consider the following n proofs: {(P,: ~\qj)\l ^ i =£ n).

Apparently, the validation of ~\qt is subject to P,(l ^ i ̂  n). Therefore, the removal of ~\qt from
S\ can be implemented by destroying any premise p e Pr(l ^ / =£! n). Thus any possible world w e
W{(C, 5)) with respect to w1 is as follows:

w = S i U C - { p i k \ \ ^k^r}

wherepilce Pt{\ s=fc=£r).
In a similar manner to STRIPS, an action is formalized in terms of the precondition and

consequence in the possible world approach. Let a = {Pa, Ca) be an action, for a given world w,
with the description 5), a will potentially produce a set Wt(Ca, 5j) of possible worlds with respect
to wu by adding Ca into Su Accordingly, the result of a is defined as follows:

Definition 8.4b The result R(a, w,) of action a in world wl with description 5j can be defined as
follows:

\St, if Wx(Ca, S,) = 0;
R(a,wx) = <

[w2l n . .. n wlm{w2i e Wx(Ca, 5,)), otherwise.

That is, the result of action a is the intersection of all the possible worlds for Ca.
Fundamentally, the computational mechanism of actions in the possible world approach is

similar to that in STRIPS. The result of an action is characterized as a modification to the initiating
world. Unlike STRIPS, however, the results of actions do not require an explicit complete
description, but are inferentially constructed in terms of the consequence of the action and the
domain constraints.

5.5 Summary

The possible world analysis provides well-understood model theoretic semantics, such that it may
be nicely applied to formalize the problem domains in reasoning about plans. In fact, the basic
motivation to use modal logic for reasoning about actions comes from the observation that the
Kripke structure, which establishes the model theoretic semantics for modal logics, suggests a
proper formalization for reasoning about plans (Hughes & Cresswell, 1968). This approach has a
well-founded theoretical basis and is facilitated by a very rich language from modal logics.
However, most of modal logics can not directly use the resolution proof procedures. Instead, their
theorem provers are generally based on other non-uniform procedures, such as tableau calculi,
which complicate problem solving. Most of the work in this area was motivated by the theoretic
nature of the possible world semantics and modal logics, rather than the requirements of practical
problem solving.

9 Multiagent problems

In the classical problem framework, the world is considered to be in a particular state at any given
instant of time, i.e., any world state represents an instantaneous model of the world without time
duration. The only way that the passage of time can be observed is through change of state caused
by actions. In terms of such an assumption, a world or a continuous process is constructed as a
succession of static models. Whereas actions are characterized by the transition from state to state
which logically does not take time at all. As a result, every action is instantaneously performed
without any interference from external events. As described previously, this framework nicely
formalizes reasoning about actions and plans in single-agent problem domains. However, many
real-world domains are populated with more than one agent. This means that there exist
concurrent activities in these domains which are beyond the control of a single agent.
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Major work in domain-independent planning so far has been concerned itself with the classical
problems. Nevertheless, the achievements have substantially exposed the nature of problems and
the major difficulties. This certainly has facilitated research into multiagent planning. During the
past decade, more work has been done to develop such an effective world model that simultaneous
events and actions may be formalized to reason about concurrent plans:

A problem of reasoning about plans is referred to as a multiagent problem if the problem domain is
potentially involved with simultaneous activities that are concurrently carried out by different agents
operating in a dynamic process.

The classical theoretical framework unquestionably builds a solid foundation for approaches to
reasoning about plans in multiagent problem domains. However, many concepts that are based on
the assumptions of the classical problems are no longer appropriate and need to be modified. For
instance, it is not possible to describe every action as a transition from state to state when some
actions are concurrently performed and interfere with each other during their execution. There-
fore, new formalisms and problem solving techniques are required for representing dynamically
changing worlds and reasoning about simultaneous actions. The following discussion mainly
concentrates on the development of new formalisms for modelling multiagent problem domains.

9.1 Extended state-based formalism

As an extension of the classical problem framework, various state-based formalisms are also
extended to represent reasoning about plans in the multiagent problem domains. The basic idea is
that by assuming some degree of interactions amongst actions, certain multiagent problems may be
formulated in such a way that they may be solved in the classical problem framework.

Georgeff (1983,1984) suggested a theory of action which was based on a device called a process
model. To show the effects of actions as well as how the actions may be performed, a process model
is a formalization of the observable behaviour of an agent in performing an action. Every action is
semantically characterized by a process model whose execution defines a set of behaviours or acts
with respect to this action. Furthermore, concurrent actions can be represented by an interleaving
model that is a parallel composition of process models with respect to these actions. This is
substantially different from the previous concept of actions. Georgeff (1987) proposed another
theory of actions which allowed for formalizing simultaneous execution of actions. In this theory,
an extended situational calculus was used to describe the effects of actions in multiagent domains.
By introducing the notion of a correctness condition, the interference between actions can be
checked in order to determine whether or not actions can be performed simultaneously.

Pednault (1986) proposed that some simultaneous actions could be sequentially formalized if
these actions repectively affect independent parts of the world without any interaction amongst
them, i.e., the effect of performing these actions simultaneously is the same as that of performing
them sequentially. In this case, some multiagent problems may be solved with techniques originally
used for the classical problems. The resulting sequential plans are transformed into parallel plans
for coordinating simultaneous executions.

All these approaches aim at solving multiagent problems within the classical framework by
assuming some degree of independence amongst events and actions. They are only applicable to
some problems and not adequate enough to model general multiagent domains.

9.2 Temporal formalisms

In the classical framework, a world state represents an instantaneous model of the world without
time duration. The only way that the passage of time can be observed is through the change of state
caused by the actions. Apparently, time is not particularly important in this world model. In
contrast, when simultaneous actions are involved in multiagent domains, time becomes very
important because: (1) actions take time; (2) more than one action may occur at the same time; (3)
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complex plans of actions may involve complex temporal ordering constraints; and (4) actions may
interact with external events that are beyond the control of agents and only occur at particular time
(Allen et al., 1991). All the aspects are suggesting the significance of time in multiagent domains.

McDermott (1982) proposed a temporal logic for formalizing time, world model, continuous
change, actions and plans. This formalism provides some fundamental representations to model
simultaneous events or actions in multiagent domains. McDermott still reserved the traditional
notion of world state in this formalism, however, time was taken into account to establish temporal
relations between states. The following concepts were introduced to model time:

1 temporal ordering. For state s, and sy, the following temporal relations are defined: (i) s, < Sj (or Sj
> Si): s, comes before sf, and (ii) s, = sf. 5, is identical Sj. All states are partially ordered by the
above relations.

2 time of occurrence. Any state s has a time of occurrence occurs(s) that is a real number called
date. For instance, if s, < Sj, then occur(s,) < occur(sj).

3 chronicle. A chronicle is a complete possible history of the world that can be characterized as a
totally ordered set of states extending infinitely in time.

Definition 9.2a Let state(x) be a predicate representing that x is a state, then a chronicle is defined
as a set ch such that:

1 (Vs)(s <= ch) D state(s)
2 (\/s,\/sj)((si e ch) A (sj e ch)) D ((5,. < sj) V (s, > Sj) V (S/ = Sj))
3 (VBs)(s e ch) A occur(s) = t

(1), (2) and (3) can be semantically translated as: chronicles consist only of states; any two states are
totally ordered by the temporal relations < (or >) or =; and any date corresponds to a state in a
chronicle. Intuitively, a state is a set of facts representing the world at a given moment. Facts
change in truth value over time such that states may change over chronicles, resulting from the
occurrence of events and actions. Thus, chronicles and states provide a space for events and actions
to act. Following Definition 9.2a, another interesting property of chronicles is that every chronicle
is convex:

Definition 9.2b Let st and Sj be any two states in chronicle ch and st < Sj, then there must be a state s
which is located between s, and Sj in ch, i.e.,

(Vs,Vsy)(s/ e c / i A sj e ch A st < sy) D (3s)(s e ch A st < s A s < Sj)

The convexity of chronicles means that there are infinite number of states between any two
different states in a chronicle. The significance consists in the fact that this makes it possible to
represent (1) how long an action takes when it occurs, and (2) many states may occur between the
initiating state and the termination state during every action. This representation obviously would
facilitate modelling continuous process in a dynamic world.

In terms of the above concepts, the world may be constructed as a chronicle tree which branches
into the future over time. Every branch corresponds to a chronicle that not only builds a future
from a given state, but also records a complete history before this state.

McDermott defined events and actions in terms of the notion of interval. This concept was also
proposed by Allen (1983) to represent a time model in reasoning about plans and became the basis
of another temporal formalism, the interval calculus. We will discuss it later.

Definition 9.2c An interval is a totally ordered and convex set of states, itv = {s,|l ^ i ^ m), as
follows:

1 (V.s(-Vs;-)(.s(- e itv A s} e itv) D (s,- < Sj V st = st V s{ > sj)
2 (VsiVsj)(Si e itv A Sj e itv) A (s, < s,) D (3s)(s e itv Ast<sAs< sj)

An interval itv = {s,-|l Ŝ i =S m) is also written as itv = [s,, sm]. Intuitively, itv models continuous
change from state 5, to sm in a chronicle.
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Apparently, events or actions occur over intervals. Therefore, events or actions can be defined in
terms of intervals over which they take place. Generally, event e happening during interval itv =
[su sm] is represented as ([su sm], e). This interval-based model provides a representation to
formalize interactions between events or actions such that simultaneous activities can be rep-
resented.

For example, suppose that itv = [su sm) is an interval in which Sj < sm, then some simultaneous
events may be formalized as follows:

1 events ex and e2 concurrently take place during interval [sx, sm]: ([sx, sm], e{), ([s^, sm], e2).
2 event e2 takes place during [suSj] that is contained in [s,, sm] over which event e, takes place: ([.s,,

sm], «i), ([si, sj, e2), in which s, < st < Sj < sm.
3 event e2 takes place during [sh sn] that partly overlaps [st, sm] over which event e, takes place:

([s\,sm], <?,), ([si, sn], e2), where s, < Sj <sm< sn.

In this formalism, perhaps the most significant progress is that continuous change over time can
be properly described by a temporal world model, facilitating the formalization of simultaneous
events or actions. However, since McDermott was not primarily concerned with multiagent
planning in his work, the underlying model of events and actions is still only suitable for the classical
problem domains.

Another important temporal formalism was the interval calculus due to Allen and Pelavin
(Allen, 1983, 1984; Pelavin & Allen, 1986, 1987). The basic time model is again referred to as
intervals in this formalism. Intuitively, intervals are periods of time that are intimately associated
with facts, events and actions that may occur simultaneously. The various relationships between
intervals can be defined to obtain an appropriate time model.

Definition 9.2d Let x and y be two intervals, then x may be related to y by the following primitive
relationships:

1 before(x, y). x is before y.
2 meet{x, y). x meets y.
3 overlap(x, y). x overlaps y.
4 during (x, y). x is during y.
5 start (x, y). x starts y.
6 finish(x, y). x finishes y.

Figure 2 is a pictorial explanation to the relationships above. More complex relationships upon
intervals can be constructed in terms of the above primitives. For instance, a contain relation can be
denned as follows:

contain(x, y) D during(x, y) A start(x, y) Afinish(x, y)

In terms of this time model, a temporal predicate logic is established by introducing a time interval
argument into every predicate. Letp(x) be a predicate, and tan interval, thenp(x, /) states that/?(;c)
holds over the time interval t. Consider an example about the block world. For an interval tu the
facts which hold until the time interval tx is finished can be expressed as follows:

clear(au tx)l*a\ is clear over / ,*/

clear(a2, t2)l*a2 is clear over t2*l

on(a3, a4, t3)/*a3 is on a4 over f3*/

clear(a^, t4)/*a^ is clear over tA*l
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be fore(i, j)

meet(i, j)

overlap(i, j)

Btart(i,

during(i, j)

finish (i , j)

Figure 2

in which we have the following time constraint: during {th J,) /\finish{th t,), in which i = 1, 2, 3, 4.
Suppose that tt is the time interval for the initial state consisting of all the above facts, and tc for the
goal state, then we have another time constraint before(tt, tG).

Events and actions can also be temporally represented by this time model. For instance, action
stack(au a2, tstack), which describes that a being stacked on b takes place over the time interval
tslack, is formalized as follows:

clear(au t)

clear(a2, tp)

on{au a2, tc)

}

in which the time constraints are

{

during{tstack, t),

finish{tstack, tp),

meet{tstack, tc)

The syntax can be translated as: clear(a {) is true during the action; clear(a2) is terminated at the end
of the action; and on(au a2) holds after the action. Furthermore, simultaneous events or actions
also can be modelled in terms of this time model. Consider for example concurrently performing
actions stack{ax, a2, tstack) and unstack(a3, a4, tunstack). The formalization is as follows:
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t i l

t 2 1

t 12

t 2 2

Figure 3

cl&ar (al)

clear(a3)

clear(a2)

on (a3, a4)

tstack

tunstack

clear(al)

clear(a3)

on(al, a2)

clear(a4)

clear(au tn)

clear(a2, tl2)

on(au a2, tu)

clear(a3, t2l)

on(a3 a4, t22)

clear(a4, t23)

}

where the time constraint might be

{

overlap{tstack, tunstack)

during(tslack, tn)

during(tunsmck, t2l)

finish{tstack, tX2)

finish(tlinslack,t22)

meet{t5tack, / I 3)

meet {timstack, t23)

t i l

t2

11 3

t2 3

Because these two actions are totally independent of each other, tslack and tunstack could be related
by overlap or during relationships. The above time constraints are shown in Figure 3. More
complex simultaneous actions can also be formalized in this way. Some examples can be found in
Allen and Koomen (1983).
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An inference procedure was established to reason about intervals in terms of constraint
propagation (Allen, 1981). For example, the following are some rules of inference derivable from
the transitivity behaviour of the relations

before(x, y) A before(y, z) \- before(x, z)

during(x, y) A meet(y, z) \- before(x, z)

A working system was also developed in terms of this inference procedure. In summary, the most
significant work in this formalism is to reason about temporal durations. The fact that actions take
time can be characterized so that the durations of actions may be considered. This knowledge
facilitates formalizing simultaneous actions, an important step in the development of multiagent
planning.

9.3 Event-based formalism

The event-based formalism was introduced by Lansky (1986). One important feature in this
approach is that events are regarded as the primary elements to construct world models, while
states are defined derivatively in terms of events, i.e., the state of the world at any instant of time is
merely considered as a record of past activities resulting from events that have occurred. Thus, time
is naturally taken into account when a world model is constructed: all properties only temporally
hold in certain periods of time over which the related events take place. A state at a particular
moment is essentially a possible world history that not only records what holds, but also what held
in the past.

The event-based world model is structured on two representation levels: (1) the plan level, which
is based on partially ordered sets of events, each of which is referred to as a world plan; and (2) the
execution level, which is composed of the sets of possible executions associated with world plans.
The two levels of structure essentially represent the different views of the world.

Definition 9.3a Let ex and e2 be any two events, then the following three binary relations can be
defined: (1) the causal relation /?_. {eu e2) e R_ means that ex causes e2; (2) the temporal relation
Ra. (eue2) e /?_, means that e: must occur before e2; and (3) the simultaneous relation R^. {ex,e2) €
/?_s means that e, and e2 must occur simultaneously.

If e, and e2 are related by none of the three relations, they may potentially occur in any order or
simultaneously. To model a domain which is affected by locality, such as, only sequential actions
are allowed within a certain region, all events in a world plan are organized into different relational
clusters, which are called locations, such that the events in the cluster must obey the same activity
constraint. Two types of locations are defined: (1) elements: all events in an element location must
be totally ordered with the temporal relation R^, i.e., only sequential activities are allowed in an
element location; (2) groups: a group location consists of more than one element. Events can be
related to locations by a relation Re. Let e be an event and / a location (element or group), then
(e, I) e Re means that event e occurs in /. Similarly, elements can be also related to groups by Re.

Definition 9.3b An event-based domain model can be formally defined as a 4-tuple: W = (E, EL,
G, R), in which £ is a set of events, EL a set of elements, G a set of groups, and/? a set of relations,
R = {R^,R^,R^,Re}.

A particular domain is formalized by a domain model that allows a set of world plans and the
executions conforming to those world plans. A domain model consists of the location descriptions,
stating the types of events that may occur at these locations, and the constraints on the possible
relationships amongst the events. For instance, consider a world plan as follows:

• Event set: E = {eu e2, e3, e4} such that (e,, e2) e R^,, (eu e3) e R^, (e2, e4) e R^, (e3e4) e R^.
• Element set: EL = {elu el2}, in which (eu el{) e Re, (e2, elx) e Re, (e3, el^ e Re, (e4, e/2) e Re
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• Group set: G = {gx}, in which (elu g,) e Re, (el2, g{) e Re

This world plan actually defines the following three possible executions:

execution 1: [elt e2, e3, e4]

execution 2: [ey, e3, e2, e4]

execution 3: [eu (e2, e3), e4]

Since e2 and e3 are related by none of relations, they can occur either sequentially, such as execution
1 and execution 2, or simultaneously, as execution 3.

A temporal logic is applied to establish the semantics of constraints upon the possible relations
amongst events. For a particular problem, an event-based model is established to define an initial
world plan that reflects the initial and goal states in the problem. This world plan is elaborated by
adding events during a process of incremental constraint satisfaction.

The event-based formalism provides a new approach to reasoning about plans in both single- and
multiple-agent domains. A significant aspect of this model is that event is considered as the primary
element of the world model instead of state. The explicit representation of event locations
characterizes a domain locality that not only models the structural aspect and constraints in a
domain, but also imposes temporal and causal constraints upon events. By the use of a temporal
logic, complex synchronization properties can be formalized for modelling causality, temporal
ordering, and simultaneity. However, it is not obvious how effective this formalism is for solving
more complex problems in multiagent domains.

9.4 Summary

Multiagent domains require such a world model that simultaneous events and actions may be
formalized in order to reason about concurrent plans. The state-based model may be extended to
cope with multiagent problems in some domains, but they are certainly not applicable to the
general formalization of multiagent domains. Temporal formalisms seem to provide a promising
way to characterize multiagent domains by introducing the various time models. Finally, the event-
based formalism, which may be regarded as a temporal formalism, seems to capture the semantics
of concurrent activity in a more natural way for multiagent domains. None of them, however, has
shown sufficient evidence of being able to solve complex multiagent problems.

Although much recent work has concentrated on multiagent planning, it is still far from forming
a well-founded theoretical framework. This is the reason why relatively few planning systems have
been fully implemented for solving multiagent problems to date. The difficulties still to be
overcome are potentially challenging.

10 Conclusions

As one of the major research and application domains in artificial intelligence, reasoning about
actions and plans plays a particular role in implementing rational behaviour of intelligent agents.
As discussed previously, much work has been done to develop various theoretical frameworks and
problem solving techniques, and a variety of planning systems have been developed. Tate (1985)
provided a good review of some well-known planning systems and various plan synthesis
techniques.

The three basic problems in reasoning about actions and plans, the qualification problem, the
ramification problem and the frame problem, result from the intrinsic difficulty of reasoning about
actions with any logic-based formalisms. Solutions to these problems have been built by introduc-
ing various formalizations, which make appropriate assumptions about the world. Non-monotonic
logics provide a new approach to these problems by formalizing commonsense reasoning.
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The classical problem framework effectively formalizes reasoning about plans where only a
single agent is concerned, but is not suitable for modelling the domains which are involved with
concurrent activity carried out by multiple agents operating in a continuous process or dynamic
world. The achievements in single-agent domains have, however, exposed the nature of the
problems and the major difficulties. This certainly facilitates research into multiagent planning.

A central view is that reasoning about actions and plans must be rigorously based on formal
theories that support an in-depth understanding of the world, world model, events, actions and
plans. More importantly, the formal theories should provide strictly-verified proving procedures
which can logically ensure that a problem solving system functions correctly. This is essential if
intelligent planners are to be eventually produced for effectively coping with realistic problems.
The fundamental framework of domain-independent approaches is intensively based on logics.
Consequently, a problem space is typically constructed by a set of axioms and a set of rules of
inference. By means of theorem proving techniques, such as, the tableau procedure or the
resolution theorem procedure, plan synthesis is actually characterized as searching for a construc-
tive proof that there exists a state in which a given goal is logically true. This framework nicely
supports a compact and elegant formalization of problem domains.

Logic-based formalisms and theorem proving techniques, however, are effective when (1)
problem domains rigorously conform to various logical constraints, and (2) the problem domains
can be logically formalized, i.e., various domain properties can be axiomatized. For instance, the
block world is such a problem domain. Unfortunately, many real-world problems, such as some
complex engineering applications, do not show these characteristics. These domains resist
embodiment in axioms, or axiomatization may require enormous effort (Winston, 1981). Conse-
quently, most of the logic-based approaches are still wandering over stacking blocks, instead of
being able to provide a sufficient utility for the development of intelligent planners.

Because of the reasons described above, the utilisation of logic-based reasoning about actions
and plans is still in its infancy in engineering applications. For instance, automated process
planning in the manufacturing area has received considerable attention, but has as yet attained
little progress in developing intelligent planners based on logical frameworks. Process planning is
perceived to be a problem associated with substantial amounts of knowledge and processing.
Intensively logic-based formalisms seem to be inadequate to represent this complex knowledge and
to cope effectively with the domain-specific reasoning. Therefore, many researchers have tended
to rely on knowledge-based approaches to achieve process planning. Some attempts have been
made to combine the classical approaches with knowledge-based representations and processing
mechanisms in engineering applications (see Miller et al., 1988; Kambhampati et al., 1991; Lee et
al.,1992).

Many researchers have analysed the weaknesses of the classical approaches to reasoning about
actions and plans such as Wilkins (1988,1989), Levitt (1990), etc. The logic-based formalisms and
procedures need to be enhanced by other representations and problem solving techniques in the
development of intelligent planners for realistic problems. Over the past decade, various
knowledge-based representations and processing mechanisms have been developed. They may
suggest an effective way to improve the logic-based frameworks in dealing with large volumes of
complex knowledge. The potential for using provably-correct intelligent planners in real-world
problems should be realized within the next decade.
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