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A.1 Introduction

In the past year we have made significant progress, both on the development of s
our reasoning tools, and on basic research issues concerning planning in temporal
world models. In particular, we completed the HORNE reasoning system and have
made it available to other research labs and universities. This year we have
distributed it to approximately 18 different sites and, combined with earlier versions
distributed in previous years, have now distributed it to over 50 sites in North
America. On the research side, we have finalized a model theory and axiomatization -

of a logic for reasoning about planning in domains where the planning agent may
perform concurrent actions and may have to interact with events initiated by other
agents and external forces. A description of why the standard state-based
framework is inadequate in such domains and an outline of our approach to planning
using our formalism is presented in [Pelavin & Allen, 1986]. A paper recently K *
submitted to AAAI-87 goes into more detail describing the model theory, and Rich
Pelavin's dissertation, to be completed this spring, provides a detailed presentation -
of the logic and issues related to planning with concurrent actions and external
events.

The most recent work has involved the development of a simple planning
algorithm that is based on our logic. We have rigorously proven that the algorithm
corresponds to a valid proof in our logic. The algorithm differs from the standard
state-based approach in that we do not use the STRIPS assumption to capture what
actions affect and do not affect. This allows us to get around the many limitations
that must be imposed when using the STRIPS assumption such as requiring a
complete description of each actions effects and not allowing disjunctive effects. Our
planning algorithm can also treat plans with concurrent actions, which cannot be "[
treated in a state-based planner without providng additional mechanisms. Our
underlying formalism proved a basis for treating action interactions, both sequential
and concurrent, in a uniform manner.

Research in discourse analysis, story understanding, and user modeling for
expert systems has shown great interest in plan recognition problems. In a plan
recognition problem, one is given a fragmented description of actions performed by
one or more agents, and expected to infer the overall plan or scenario which explains
those actions. Henry Kautz's thesis, to be completed in Spring 1987, develops the
first formal description of the plan recognition process. Beginning with a reified
logic of events, the thesis presents a scheme for hierarchically structuring a library
of event types. A semantic basis for non-deductive inference, based on minimal
models, justifies the conclusions that one may draw from a set of observed actions. .
An equivalent proof theory forms a preliminary basis for mechanizing the theor.
Finally, the thesis describes a number of recognition algorithms which correctly
implement the theory. The analysisprovides a firm theoretical foundation for much
of what is loosely called "frame based inference," and directly accounts for problems
of ambiguity, abstraction, and complex temporal interactions, which were ignored by
previous work. In addition, the theory was applied to specific recognition problems
in discourse and medical diagnosis. A Common Lisp implementation of one of the
recognition algorithms was completed, and tested on plan recognition problems 1"
involving a mcro-world about cooking, an operating system environment, and
indirect speech acts in command understanding.
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Future Plans

The successor to HORNE, named RHET, is now under development. This
system is essentially a rewrite of HORNE with several important extensions: 1.) the S
ability to deal with contexts; 2.) increased code maintainability; 3.) the ability to
handle negative assertions and proofs; 4.) improved user interface; and 5.) improved
lispm oriented implementation. In addition, we are planning to add a reason
maintenance facility. We have identified the useful ideas involved in the RMS
(reason maintenance system) and we completed the design of a data structure for
recording data-dependencies and an algorithm for monotonic retractions. We plan to
handle non-monotonic updates of a database (addition causing retraction and
retraction causing addition) by reducing it to a monotonic update by using a meta-
predicate "unless" and explicitly asserting (unless P(a)) in the database.

A major focus of next year's research will be on the role of abstraction in
planning formalisms. In particular, Josh Tenenberg has completed a preliminary •
study thbt focuses upon formalizing abstraction in problem solving and planning
tasks. Many problems in Artificial Intelligence typically involve searching very
large state-spaces, making exhaustive search intractable. As one approach to
improving performance, we can map the representation that generates intractable
spaces into successively simpler representations that have correspondingly simpler
representations -- an abstraction hierarchy. In particular, we have defined a
syntactic mapping, predicate abstraction, that allows one to map a theory encoded in
a first-order predicate calculus (FOPO) axiomatization into a simpler theory having
fewer predicates and axioms. In this way one might, for instance, map a theory .9
about glasses and bottles into a simpler theory about containers. We plan to extend
this work to a definition of abstraction in planning for STRIPS-type planners. This
is another syntactic approach, similar, but less informal than the approach used by
Sacerdoti in ABSTRIPS. We are considering performence metrics with which one %
can analytically demonstrate under what conditions a particular strategy (such as
the strategy of using abstraction hierarchies) will result in actual performance
improvements.

A.2 The HORNE & RHET systems

The first half of 1986 was spent on completing the HORNE system. This involved
fixing all outstanding known bugs, correcting inconsistancies in the documentation,
and generally cleaning things up for potential release to other sites. In addition, we
looked at the feasibility of extending HORNE for contextual reasoning capabilities. 0
For the most part, this served as foundation material for the decision to rewrite
HORNE from scratch, which turned into the RHET project. We released HORNE
and documentation at the end of August, 1986. Work began in earnest on RHET in
September.

Rhet's goals were very much influenced by our collective HORNE experience.
We had found ourselves spending more and more time maintaining old functionality
in the HORNE system, which, due to its history was not very maintainable, or
extensible along the lines we wanted to go. Our primary design goals were to:

- Support substantial additional functionality.
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Increase maintainablity via a coherent design vs. the HORNE design
which had evolved through time, and via a coherent implementation vs. a
collection of student projects.

Increase (future) extensibility by improving code modularity and building

in support for user provided subsystems. comdatnbin

- Increase (future) portability by increasing common-lisp compatibility.

Improve performace by tailoring low-level functions to the target
machine(s).

Most of the HORNE system's functionality is retained in the new
implementation. In particular we retained both the backward and forward chaining
reasoning modes, the Frame subsystem (i.e. types with roles, constructor functions),
the use of universally quantified, potentially type restricted variables in an extended
unification algorithm, full reasoning about equality between ground terms, and
LISP compatibility (i.e. the system can be called from LISP, and predicates in the
system can be defined to expand to lisp function calls). Any system using HORNE
should be convertable to RHET with only minor changes.

To this, we plan to add a wide of new capabilities, including: S

- An extended type calculus (handling set subtraction between types, e.g.
ANIMAL-BIRD is the set of all animals that are not birds); 4

- Contextual reasoning, which includes access to the axioms and terms of a
parent context, efficient creation and destruction of contexts, and making S
equality and type information also dependant on context;

- Allowing user-specifiable specialized reasoners, which will allow a user to 'p
inform the system that he will supply code to reason about objects of a
particular type, which should allow the system to be used in specialized
domains (TEMPOS, an extended version or our time relationship reasoner,
will be the first example);

- A simplified programmatic interface, obtained by replacing HORNE's
hashing setup functions and with automatically computed hashing as the
need arises, and by using the facilities already on the lisp machines for
editing axioms, etc.

By the end of 1986, we had implemented Rhet's basic functions for maintaining
the knowledge base, including contexts and equality reasoning.

A.3 Representing Simultaneous Actions

We developed a model of action and time that represents concurrent actions
and external events. Our starting point is Allen's interval logic [Allen 1984]. In this
formalism, a global notion of time is developed that is independent from the agent's
actions. Temporal intervals are introduced to refer to chunks of time in a global time
line. An event is equated with the set of temporal intervals over which the change r.,0..d
associated with the event takes place. Thus, there is a notion of what is happening I.AN
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while an event is occurring. One can describe simultaneous events by starting that :.P ,,
two events occur over intervals that overlap in time. Properties, which refer to static
conditions, are treated similarl to events; they are equated with the temporal -

intervals over which they hold. oth relative and absolute specifications can be used
to temporally relate events and properties. S

Allen's logic can be used to describe what actually happens over time, but
cannot be used to de. :ribe the different possibilities that the agent can bring about.
It can be characterized as a linear time logic. Lacking from this logic is a construct
like the result function in situation calculus that describes all the possible effects
produced by executing different actions in different situations. To accommodate this
deficiency, we extend Allen's logic with two modal operators. Both these extensions
are introduced in chapter two after discussing Allen s logic in more detail. First, we "
add a modal operator that captures temporal possibility enabling us to describe the W
different possible futures at some specified time. This allows us to distinguish
between conditions that are possibly true and conditions that are inevitably true at a
specified time. This extended logic can be characterized as a branching time logic. S

After extending Allen's logic with the inevitability operator, we show that this
extension alone is not sufficient for our purposes. It does not distinguish whether a
possibility is caused by the agent, caused by the external world, or caused by both
factors. Making this distinction is necessary if we want to formahize what it means
to say that a plan executed at a specified time solves the goal. For this purpose, we
introduce a second modality IFTRIED which takes a plan instance and a sentence as
arguments. Roughly, plan instances refer to both actions and plans to be executed at
specified times in specified ways. Plan instances take the place of plans and actions
in our theory. The IFTRIED modality represents statements that can be interpreted
as saying "if plan instance pi were attempted then sentence S would be true." There
are two ways to look at this modality, either as a subjunctive conditional or as a
generalization of the result function from situation calculus.

A formal specification of the logic is then given. Our basic approach to the
semantics can be characterized as possible worlds semantics which was developed by
Hintikka [Hintikka 19621 and refined by Kripke [Kripke 1963]. In this framework,
a set of objects called possible worlds is identified as part of a model. In our system,
we refer to possible worlds as world-histories to emphasize that they correspond to
worlds over time, not instantaneous snapshots. Each sentence in the lan guage is
given a truth value with respect to each world-history within a model. The truth
value of sentences formed from the modal operators are given in terms of relations
and functions defined on the set of world-histories. We pay particular attention to
the functions that are used to interpret IFTRIED. This treatment derives from the •
semantic theories of conditionals developed by Stalnaker (Stalnaker 1985] and
Lewis [Lewis 1973].

We then developed a proof theory that is sound with respect to the semantics. '.

The axiomatization of most of the system is standard. The interval logic fragment is
a first order theory which is formulated using standard first order axiomatization
extended with axioms describing the properties of a small collection of predicates
and function terms. The inevitability modal operator behaves like a 85 necessity
operator for a fixed time argument. An axiomatization of these properties is taken
from Hughes and Cresswell [Hughes & Cresswell 19681. The properties that are
unique to this operator capture the relations: conditions that hold earlier than or
during time i are inevitable at i, and what is inevitable at some time is inevitable at 0
later times. The axioms and rules capturing IFTRIED can be divided into three
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categories: properties relating to a subjunctive conditional, the relation between .-. V%

IFTRIED and the inevitability operator, and properties describing the affect of ,-"
attempting a plan instance composed out of two simpler ones.

Next, we analyzed the components of the planning problems using the logic 0 S
that we have developed. These components include the specification of the goal, the
specification of the planning environment, the conditions under which plan
instances can be executed both alone in conjunction with other ones, and the effects
produced by both simple and ocmposite plan instances. We pay particular attention
to the interaction between plan instances, both sequential and concurrent, and to the
persistence problem [McDermott 1982], which is the problem of determining how
long a property remains true in a formalism that allows simultaneous events. By .-. 1... .
looking at these problems using our framework, we are able to explicate some of the .A-.
problems that we mentioned earlier in conjunction with state-based systems. We
illustrate how to represent some types of parallel interactions using our logic and
describe how thsese interactions are used to determine the conditions under which
two actions can be executed together.

Next year, we plan to develop a non-linear planning algorithm that exploits
some of the properties investigatedin above and prove that the algorithm is sound
with respect to the semantics. Our algorithm will differ from previous planning
systems in the method used to handle action interactions and the use of plan
instances to maintain properties over temporal intervals. The interaction of two ormore plan instances, concurrent or sequential, will be computed by only considering

the interaction of two plan instances that overlap in time. The frame problem in our
system will concern determining the conditions under which concurrent plan
instances interfere witheach other. We will not need to use the STRIPS assumption
or the persistence assumption to describe what actions do not affect, and thus this
method should allow us to remove the restrictions that must be imposed when using
the STRIPS assumption.

A.4 Abstraction and Planning

The focus of this year's work was concerned with the task of defining what it
means for a theory or planning system to be an abstraction of another. This work
was essentially divided into two parts. The first involved formalizing syntactic :
restrictions that allow one to construct an abstract theory from a detailed theory.
The second involved defining a metric with which one can measure and compare the
performance of different control strategies, thus providing a means to demonstrate
under what conditions good performance will be exhibited by control strategies that
exploit the presence of abstract theories.

Given a theory encoded as a first-order predicate calculus (FOPC)
axiomatization, we can specify a syntactic mapping function that generates a new,
abstract theory. The intuition behind the abstraction mapping is that there may be , -
predicates that denote different objects or relationships at the primitive level that we
wish not to distinguish between at the abstract level. For instance, in a primitive
theory containing axioms about bottles and glasses, the primitive theory might state
that all glasses always have a certain shape, and cannot be corked, while bottles
have another shape, and can be corked. There will, however, be characteristics that
are common to glasses and bottles - such as that both can hold liquids, and can be
poured - and it is these characteristics that the abstract theory should capture. This
can be achieved by defining a new predicate to take the place of both the predicate for

A-5
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glass and the predicate for bottle, and keeping in the theory those statements that do
not mention glasses or bottles, or are common to both glasses and bottles. The result
(as described more fully in [Tenenberg 1987]) is that for every proof of theorem T' in
the abstract theory, there exists a proof of theorem T in the original theory such that
T' is the abstract mapping of T. In this way it can be demonstrated that the abstract
theory is satisfiable if the original theory was.

In a similar vein, additional work was done on a set of syntactic restrictions for--.4
defining abstraction in planning systems. One of the few previous works along this
line was the ABSTREPS system of Sacerdoti at SRI [Sacerdoti 1974]. My research
involved formalizing ABSTRIPS, as well as solving one its inherent deficits. The
basic idea behind STRIPS-type plannin systems [Fikes et al. 1972] is to consider
world states as represented by sets of FOPC sentences, and actions as represented by ,N
additions and deletions to this set of sentences. In order to apply an action from a
world state W, its preconditions (a set of sentences) must all hold in W. For instance,
the precondition for the action of moving one block upon another is that both blocks
must be free of any blocks on top, and the agent's hand must be free as well. S

Sacerdoti's idea with ABSTRIPS was to rank each of the preconditions according to
some metric for the difficulty or importance of achieving that precondition, and then
consider each action at different levels of abstraction by only looking at those
preconditions with a ranking above a certain value. One searched for plans in a top-
down fashion, by first searching through operators with the fewest constraints (that
is, by considering only the preconditions with the highest rankings), and then using
the resulting plan as a constraint on search at the next lower level of abstraction %
(that is, by considering preconditions with lower rankings). One of the unfortunate
problems with Sacerdoti's formulation was that it was somewhat vague (as were
most of the STRIPS systems) in terms of their precise syntax and semantics. In
particular, there was no notion of what was required in order for a STRIPS system,
or an ABSTRIPS system to remain consistent. My research then, provided these
definitions. By expanding the definitions on the semantics of STRIPS recently
provided by Lifschitz, I was able to demonstrate that an ABSTRIPS system can quite
easily bc brought into an inconsistent state, and that one must enforce syntactic

* restrictions on the ranking of preconditions if this is to be prevented. In addition, I

', ~Additional research has involved an attempt to define what is meant by the ..-.-
" ~performance of a problem solving system. In particular, Leo Hartman and Josh "".-

Tenenberg focused upon a theorem proving system, and suggested a means for
comparing the performance between two systems that use different search strategies
to try to solve the same set of problems using the same axiomatizations. By
terformance is meant the amounolved an attemt t d expends over its entire
pifetime of use. In terms of computational complexity measures, the class of

roblems that theore s a member of is the class of undecidable problems;
cy this is meant thatheor e betsts no uniform proof procedure which given some
arbitrary FOPC axiomatization S and a sentencm u the s xioatizati FOPCns.-

language of S will determine if T is a theorem of S. Unfortunately, such worst-case
behavior does not provide much help to a system designer that is obliged to attempt
the building of an autonomous (or semi-autonomous) agent. Our approach was to
consider that the problem sample, those problems that an agent encounters over its
lifetime, can be be viewed at a finer grain by dividing it into a set of problem classes
such that there exist relatively quick solutions to all problems that fall into some of
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these classes. In addition, the sample has certain measurable statistical properties,

in that problems fall within these various classes with certain frequencies. Good ., -
performance, then, will result from exploiting the presence of high frequency..* ,
problem classes -- if problems are solved by a particular strategy with a high s
frequency, then increasing the average amount of time that the strategy requires to
solve the problems in its class will result in better overall resource utilization. This
work willbe presented at this year's IJCAI in Milano.

A.5 RAP: Planning and Classifying Objects

It seems that a major way that humans categorize objects is by their function, '-

i.e. a cup" is something one drinks from. Most work on the representation and
formation of categories, however, has focused on intrinsic physical similarities which
may or may not correspond to functional similarities. My work has been to explore
the relationship between a model of planning and action and the category
distinctions an agent finds useful, since a reasonable definition of functionality is an
object's role in the performance of actions. This research program has involved work "/ "

on automatic planning via the Rochester Abstract Planner (RAP) implementation,
the use of goals in conceptual clustering, and the definition and use of abstraction in
planning.

RAP is still under development; currently it is a forward-chaining interactive , .,

tem ral Planner, and does not yet employ abstraction as the name would suggest.
RAP s implemented in Common Lisp on Symbolics and Explorer Lisp machines,
using the (Prolog-like) HORNE Reasoning System for representing and querying
about objects and actions, and the TIMELOGIC temporal interval reasoning system
procedurally attached to special HORNE predicates. The basic action of the planner
is this: given a goal, find a causation rule that specifies an event that has the goal as
an effect. Then, if that event is basic (i.e. the agent can will the event to happen
independent of context, as in turning on a motcr) then pursue another goal.
Otherwise, find a generation rule that specifies world properties and other events
that when taken together imply the occurrence of the event (e.g. if a arm-raise action ' y
is performed while grasping a block, a lift-block action occurs). Recurse on those .
properties and events until done.

The definitions of actions in planners like RAP involve type restrictions on the

objects involved, either explicitly in the header or implicitly as preconditions. An
example of this is the action "Pickup(?x:block)", where the variable "?x" is
constrained to be of type "block", which is defined somewhere else in the system in
terms of physical features. This is a functional type, since its only use is to constrain
the objects involved in actions like "Pickup", i.e. a block is something that can be
picked up, or stacked, etc. When actions are composed, as is done while planning, .
new categories arise because the object constraints are conjoined. Thus object.f-A'
categories are not only implicit in the individual definitions of actions, but also in
the ways that they are combined to satisfy context-dependent goals. This is the • _

premise of my work on "Representing Goals for Goal-Oriented Classifications,"
which used the constraints gathered while planning within conceptual clustering
problems (a la Michalski).

Categories also have hierarchical relationships. Not only do categories form a
lattice by viewing them as sets, but it also seems natural and useful for an agent to e
perceive this organization. Any theory that relates the definitions of individual
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categories to the definitions and structure of actions should also show how these
hierarchical relationships are derived.

In short, the thesis of this work is that an agent's object classifications depend
crucially on that agent's theory of action. How that theory is structured and why are
then major questions behind a theory of categories and concepts. We feel that
investigating how such knowledge representation structures can be built through
learning will shed light on these questions.
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Appendix A-i

Plans, Goals, and Naturl Language' in the station, utterance (1) can be understood by

recognizing that the speaker wants to board a train and

James F. Allen that to do this the speaker needs to know what gate to
Computer Science Department go to. Plan analysis is also useful for understanding

University of Rochester non-elliptical utterances. Since the system not only "
Rochester, NY 14627 knows what was said but also why, recognition of how

an utterance connects with a speaker's underlying
Diane J. LiUtman goals provides a deeper level of understanding.

AT&T Bell Laboratories
600 Mountain Avenue Knowledge ofa speakers domain plans and goals is
Murray Hill, NJ 07974 also useful for understanding indirect speech and

providing more information than requested. Consider
1. Introduction indirect speech. Although utterance (3) is literally a

yes-no question, the clerk responded as if the passenger 0 op
One of the more promising computational had told the clerk to tell the passenger the location of

approaches to representing context in natural gate 7. The clerk inferred that this was the intent
language systems has been based on work in general behind the passenger's utterance, since the literal , 06,,"
problem solving. In this approach, plans can be used interpretation corresponded to achieving what was ' " ,
both to represent the domain ofdiscourse a wall asthe likely an already satisfied passenger goal (i.e., w- r
communication process itself. Using a uniform knowing if the clerk knew the location of gate 7).
framework for both purposes allows a new set of Furthermore, note that the clerk's reply included
techniques that allow natural language systems to information irrelevant to the location of the gate.
handle sentence fragments, uses of indirect speech. Given the context of the board plan recognized from the
helpful responses, and the tracking of the topic of first utterance, including such information led to a
conversations both with and without interruptions, more helpful response.

Examination of even simple dialogues illustrates Finally, knowledge about communication goals, i.e.,
the utility of extra-linguistic knowledge such as plans knowing when and how an utterance relates to
and goals. For example, imagine the demands that previous utterances, is needed. For example, the
would be placed on a computer system capable of system should be able to recognize that utterance (3)
takingtheroleoftheclerkinthefollowingdialogue: introduces a goal to clarify the clerk's previous

response, and that this goal temporarily interrupts the %
1) Passenger The eight fifty to Milan? previous goal ofboarding the train to Milan.

2) Clerk: Eight fifty to Milan. Gate 7. In the next section we will present a simplified * w-, M
representation of actions and plans (e.g., [Fikes and

3) Passenger. Could you tell me where that is? Nilsson, 1971; Sacerdoti, 1977]) that supports a model

of reasoning typical of general-purpose problem
4) Clerk: Down there to the left. Second one on solvers. We will then show how this framework can

the left. No need to hurry though. provide a model of the topic of simple stories and task- , ,t - ,

The train is running late. oriented dialogues. Following that, we will show how to
introduce speech acts into the framework and use them

In order top s fragmental or incomplete utterances to model the communication process. Finally, we will
such as utterance (1), the system needs knowledge outline our most recent version of this framework and
regarding some context of the utterance. Although provide an account ofinterrupting subdialogues during
many types of elliptical utterances can be understood the conversation profe itself. sudalge drn
using only the linguistic context provided by the
previous dialogue, in the above example no dialogue 2. Plans and Goals 0
pre:edes the problematic utterance. Thus, to find the "'- v "

mussing phrases, the system will need to use extra. In order to be concrete, we will describe a simple
linguistic knowledge about the domain and likely goals representation for actions, plans, and gals to use
of the speaker. For example, if the train clerk knows throughout this paper. This representation is clearly
that persons seeking information typically are inadequate for any realistic world, but will suffice to
boardingatrain, meetingatrain, or looking for a room make the points in this paper. We assume that the

world at any particular time is described by a set of
propositions in the first order predicate calculus. In
a ddition, we have a set of action-types defined by

M'his work was supported in part by the National lconditions that fall into the following three classes:
Science Foundation under Grant IST-8504726, and by
the Office of Naval Research under Grant N00014-80- Preconditions: A set of logical formulas that
C-197. An extended version of this paper will appear in must be true before the action can successfully . --"

Special Issue on Natural Language Processing of the be executed;
%,JProced ngs of th IEEE. ,. .,
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Effects& A set of formulas that will be true after and functions such as:
the action has been successfully executed; and
Body: A set of actions that describe the Price(ticket)- the price of a ticket;
decomposition of the action into subactions. Locobject) - the location of an object;
Each subaction can itself either be executed or Ticket-for(train) - the ticket for a train (making
decomposed into subactions. the simplification that there is only one ticket

Intuitively, if the body of (an instantiation of) an for each train).
action-type is executed in a situation where the We must also have a set or action-types, some of which
preconditions hold, then the action is said to have been arn shown in Figure 1. For example. BUY represents
executed and the effects will hold. A plan will be the action of an actor buying something (such as a
represented as a tree of nodes representing action ticket), while TAKE-TRIP represents the action ofinstnce, anotaed wth he elevnt recoditons taking a train trip, by buying a ticket, going to the%
and effects. The tree represents both a hierarchy of appropriate train, and boarding. GOTO represents the
actions (i.e., subactions are below their parent action) action of going to the location of an object. Here we
as well as temporal ordering indicated by reading from assume that this can always be done (there are nolefttorightacrossonelevelofthetree. preconditions) and that the action is directlyl Consider a set of propositions. functions and actions eecutpable (teino bodys.in ly the a isnte

executable (there is no body since the action is not
Conide a et f popoitons fuctins nd ctins decomposable into subactions). Finally, we have thethat could be used in modeling a train station. We action of getting on the train and the action of one actor

must have predicates such as giving something to another actor.

HAS(actor, object) - the actor possesses the Given propositions representing an initial state, a
object- pal state, and a library of possible actions, a planning
ON-BOARD(actortrain) - the actor is on the algorithm can then be used to construct a plan . ,
train- (sequence of instantiated actions) that achieves thepoal state, e.g., IN(A, hMLAN). Our planning model ') L . m.AT(actor. object) - the actor is located next to needs to utilize two modes of reasoning in order to

the objec construct a fully executable plan. The first method,
IN(actor, city) -- the actor is located in the action decomposition, decomposes each action into its
specified city; subactions until a level of primitive (i.e., non-

decomposable) actions is reached. For example, at the
most abstract level of detail. a plan to be in Milan is to
take a trip by train (call it TRI) to Milan. At the next

Preconditions: PAS(actor, Pce(object)) level of detail, we can decompose the TAKE-TRIP
Breod tos (actor, rient)action into its subactions, annotating each subaction
Body: GOTO(actor, recipient) with the appropriate preconditions and effects. Finally,

GIVE(actor, recipient. Price(object)) if we decompose the BUY action into its subactions, we
GIVE(recipientactor, object) would have the complete plan decomposition

Effect: HAS(actor, object) (annotated with preconditions and effects) shown in

TAKE-TRIPactor, train, destination) Figure 2.

Preconditions: DESTINATION(t-ain, destination) The other mode of reasoning needed to construct aBody: BUY(actor, CLERK, Ticket-for(train)) fully executable plan, backwards chaining, is used to
GOTO(%ctor, train) ensure that the preconditions of each action in a plan
GET-ON(actor, train) are satisfied. If a precondition is not initially true, and

Effect: IN(actor, destination) is not achieved by an action already in the plan, then
we would need to find an action that has this

GOTO(actor, loc) precondition as its effect and introduce it into the plan.
Preconditions: nil For example, if when generating the plan in Figure 2
Effct AT(actor, loc) the agent did not have enough money to buy a ticket .

(the precondition of BUY), an action such as going to
GET'ON (actor, ntrain) the bank would need to be inserted. This action itself
Preconditions: AT~actor. train) might subsequently be decomposed into subactions,

HAS(actor, Ticket-fo(train)) creating another action tree. In a more general model . ,
Effect ON-BOARD(actor, train) of planning we would also need to allow alternate

possible decompositions for actions, as well as a more
PrE tor recipienHAS(actor,obieoct) general notion of bodies. Specifically, we could allow
Effect HAS(rcpiet object) subgoals in the body, which would cause the problem

solver to be invoked to achieve them much in the same

way that unsatisfied preconditions are dealt with. But
we will not need to consider these techniques to makeFigure 1: Some Sample Action.Types the points that follow.
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TAKE-TRIP(A.TRI, MILAN)

Preconditions: DESTINATION(TRI. MILAN)
Effect: IN(A. MILAN) 

V,

BUY(A, CLERK, Ticket-fo(TRl))) GET-ON(A. TRI)
Preconditions: HAS(A. Prico(Ticket-for(TRl))) Preconditions: AT(A, TRI)
Effects: HAS(A. Ticket-for(Tl)) HAS(A. Ticket-for(TRI))

Effects: ON-BOARD(A, TRI)

GOTMiA, TR I

Effects: AT(ATRI)

O CEGIVE(CLERK. A, Ticket-for(TR I))

GOOA, CLERK) Preconditions: HAS(CLERK. Ticket-forClRI))

Effects: AT(A, CLERK) Effects: HAS(A.Ticket-for(TR})
* 0

GIVE(A, CLERK. Price(Ticket-for(TR I)))
Preconditions: HAS(A, Price(Ticket-forcl'iI ))
Effects: HAS(CLERK, Price(Ticket-for(TRI)))

Figure2: APlan toTake A Trip to Milan

3. The Use of Plans to Model Topic Structure BUY(JACKI, clerk1, Ticket-for(trainl)) &
DESTINATION(train I, MILAN)

"f an agent constructs and executes plans, a crucial
part of understanding another agent's actions should for the first halfof the conjunct, and for the second:
be to recognize the plans that motivate the actions.
Plan recognition can be viewed as the inverse of the RUSH-TO(JACKI, train2).
process of plan generation just described. Rather than
start with a goal and plan a sequence of actions to Note that the constants clerkI, traint, and rsin2 have
achieve the goal, we observe an executed action and use been introduced as skolem constants, constants that
our knowledge of other actions to construct a encode the fact that the object referred to is as yet
motivating plan and goal. We can then use our unknown (in contrast to the constants JACKI and
knowledge of that plan to model the topic structure of MILAN). Using our knowledge about actions and
simple stories involving activities, as well as the topic plans, however, we can further interpret this sentence.
structure in dialogues discussing activities. (The For example, we can capture our intuition of coherence
former application is similar to the use of scripts and by finding the connections between the clauses, and in
plans (e.g., [Schank and Abelson, 1977; Wilensky, addition, use our plan knowledge to determine the
19831) in story understanding.) In particular, we will referents of the noun phrases represented by the
see how such knowledge can capture our intuition of skolem constants. We accomplish this by attempting to
coherence as well as help analyze such linguistic construct the plan of the actor JACKI in this story.
surface phenomena as referringexprsions. Starting from the fact that the action BUY(JACK1,

clerkl, Ticket-for(trainl)) was executed, we search for
We can beat ee how knowledge of plans and actions possible actions that the BUY action could be a subpart

is useful during the interpretation process by looking of. With the simple library of actions given in Figure 1
at some examples. Consider interpreting the sentence there is only one possibility to consider, namely that
"Jack bought a ticket to MILAN and rushed for the Jack performed the BUY action as part of the action .

train." Disregarding context, the initial semantic TAKE.TRIP(JACK1, traini, MILAN), where the .. .
interpretation of this sentence might look something derivation of the parameters is as follows: matching
like the followinir.
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the semantic analysis of the sentence with the BUY performing BUY as part of the action TAKE-TRIP(A. 2 .
action that is in the body of TAKE-TRIP, we find train1. MILAN). Knowledge of the decomposition of

TAKE-TRIP can then be used to capture the coherence
JACKI = actor of A's question "Now where do I gor This is because in
clerkl = CLERK task-oriented dialogues such as the above, the topic

trainl = train structure naturally follows the execution of the actions
in the plan [Grosz, 1977]. Thus B assumes that A's

Now, we consider the precondition for TAKE-TRIP, question is related to the next action in TAKE-TRIP,
i.e.. DESTINATION(train, destination), since if i.e., GOTO(A. train). Finally, B can use knowledge of
TAKE-TRIP was indeed executed the precondition TAKE-TRIP to include in the reply not only the
would have had to be true. We can verify the truth of information explicitly requested, but also useful
the precondition by matching it with the second part of information with respect to A's overall goals. That is,
the semantic analysis of the sentence, making the helpful behavior such as telling B that the train is
additional parameter assignment: destination = leaving can be modeled within a plan framework as
MILAN. Thus we conclude that Jack bought the ticket follows:
as partof taking a tr-ip to Milan.

S1) B identifies A's plan (e.g.. TAKE-TRIP(A.
With this inform'tion in hand we now consider the trainl, MILAN));

analysis of the second conjunct, i.e., RUSH-TO(JACKI,
train2). Here, we will try to interpret the conjunct as a 2) B uses this plan to understand and respond to
continuation of the plan we believe to be in progress. If A's explicit utterances;

the action type RUSH-TO is defined to be a subtype of 3) B examines the plan for any obstacles and
the action type GOTO, then we can match the RUSH- constructs plans to remove them.

TO action with one of the GOTO acts that are part of
TAKE-TRW. Now, there is an implicit assumption in In particular, step 3 could involve B determining that
language that there is a temporal ordering imposed A will not be at the train unless A hurries, and B thus
such that the BUY action preceded the RUSH-TO performing some action such as giving A a schedule or
action. Thus, we can only match RUSH-TO with a telling A to hurry, as done above. Again, note that in a
GOTO act that follows the BUY act. This restricts the context of recognized plans and actions, potentially
GOTO to be the second act in the decomposition of ambiguous noun phrases can be used without problem.
TAKE-TRIP. [f there had been many such GOTO acts In other words, while there may be many trains about
following the BUY act, the algorithm would initially to leave, TAKE-TRIP constrains the train of B's
assume it was the first. We match RUSH-TO with the utterance to mean the train A wants to take to Milan.- --,
action GOTO(JACK1. trainl) and hence conclude that
the referent of "the train" (i.e., train2) is the same as Note that to fully describe the model just presented,
train! introduced in the first conjunct. Thus we have we need to introduce an ability to plan about one's own

identified the referents appropriately and related the utterances. This topic will be the subject of the next
two sentences by virtue of their both being subparts of section.
a common TAKE-TRP action. Sentences following in
the story could be interpreted and integrated with the 4. Plans about Language
previous sentences in the same way. We can introduce the need to reason about and

The plan-based model becomes even more useful as perform linguistic actions by taking the role of agent A

we consider natural language dialogue systems. as A tries to buy a ticket to MILAN. Recall that the

Assume we want to model conversations between two decomposition of the BUY action involved three steps:

actors who want to cooperate with each other. Then a
dialogue such as 1) GOTO(A. CLERK);

2) GIVE(A, CLERK, Price(Ticket-for(TRl)))
: I want to buys ticket to Milan. Here's the where TRI goes to MILAN;

money. 3) GIVE(CLERK, A, Ticket-for(TR1)).

B: OK. (Hands A the ticket)

A: Where do Igo? There are two major problems that arise when A
attempts to execute this plan. The first is that A may

B: Gate 7. Better hurry though - the train is not know what the price of a ticket to Milan is, and so
about to leave, cannot execute step (2). The second is that since this is

A's plan, there is no reason to suppose that the clerk
can be explained in much the same way as the stories knows about the plan; the clerk will thus probably not
above. For example, A's first utterance both identifies know to execute step (3). Both of these problems can
a goal to do a BUY action and indicates execution of only be solved by using some means of communication.
BUY's second subaction (recall Figure 1). B can then Intuitively, we may solve the first by asking the clerk
use knowledge of the decomposition of A's recognised how much the ticket is, and solve the second by asking
BUY to perform the next and final subaction. theclerkto giveAtheticket. In order tof ormalise this,
Furthermore, just as in the previous example. B can we must define some actions that correspond to
use the library of actions to hypothesixe that A is linguistic actions such as "inform" and "ask." Such
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actions are usually called speech acts, adopting the INFORM-REF(speaker, hearer, function)
terminology used by philosophers (e.g., (Searle. 19691) Effects: KNOW-REF(hearer, function)
who have studied such actions. Preconditions: KNOW-REF(speaker, function)

Consider defining an act of asking, which we shall As with the definition of REQUEST, more complicated
call REQUEST. We need to define the effect of definitions are needed if one needs to reason about
REQUEST so that REQUEST affects the goals and situations where the hearer doesn't automatically
plans of another agent. To represent this, we will need believe what was said. To handle these cases, the effect
a new predicate WANT(agent. action), which is true would have to be that the hearer believes the speaker
when an agent intends to perform an action. For the wants the hearer to know what the value of the
purposes of this paper, we can assume this means that function is.
the agent has a plan that contains the action. To
incorporate this type of knowledge into our plans we Consider agent A again trying to buy a ticket to
will introduce a precondition on every action, namely MILAN. To execute step (2) above, A needs to achieve
that the actor intends to do the action. This condition the implicit precondition
should be trivially true for actions of one's own in one's
plans, since having the action in the plan is equivalent KNOW-REF(A. Price(Ticketfor(TR1))) 4
to intending to do the action. For other agents,
however, we shall have to explicitly achieve this Looking for an action that can achieve this goal. we se

recondition. Given these additions, a simple that an INFORM-REF act would do the trick, so A
omulation of the act REQUEST is plans for the action

REQUEST(a, b, action) INFORM-REF(actor, A. Price(Ticket-for(TRl)))
Preconditions: nonerffec WAN(b. action) Checking the preconditions of this action, we see that

whoever fills the actor parameter should already know

In a richer framework we would not want to assume what the price of the ticket is. If we have as part of our
that the effect of a REQUEST is that the hearer wants initial knowledge about the train domain that the clerk
to do the action. We would instead want the effect to be knows such prices, i.e.,
that the hearer knows that the speaker wants the
hearer to want to do the act. This second formulation KNOW-REF(CLERK, Price(Ticket-for(TR1)))
allows for the case where a request can be refused, i.e.,
it is up to the hearer to "decide" whether to adopt the then by making actor = CLERK we can satisfy the
action since the effect only changes the hearer's beliefs precondition. Now A only needs to satisfy the implicit
and not the hearer's goals. For a detailed analysis of "want" precondition of the just introduced INFORM-
these issues see (Cohen and Perrault, 1979. For the REF, i.e.,
purposes of this paper the simpler analysis is sufficient. WANT(CLERK,

The other speech act that we will need for our INFORM-REF(CLERK, A, Price(Ticket-for(TR1))))
examples is the inform act, which consists of the Tmg
speaker telling the hearer the value of one of the This can be acomplshed by having A request CLERK
functions (e.g., Price(ticket)). To model the effect of to perform the act. Thus, A can accomplish step (2) by
this act, we need to introduce a predicate (or modal execution of the new subplan
operator) KNOW-REF(agent, function), which means 2.1) REQUEST(A, CLERK. INFORM-REF
that the agent knows the value of the function. Various
semantics have been suggested for such an operator. In (CLERK, A, Prce(Ticket-forTR1))))
some formulations, KNOW-REF is a modal operator achieving WANT(CLERK, INFORM-REF
given a possible worlds semantics [Moore, 19801, where (CLERK, A, Price(Ticket-for(TRI))))
an agent knows the value of a function if that function 2.2) INFORM-REF(CLERK, A Price(Ticket-
has the s"me value in all possible worlds. Other for(Tf))
theories extend the ontology in such a way that
functions and function values can be distinguished and achieving KNOW.REF(A, Price(Ticket-
reasoned about [Haas, 1982; McCarthy, 1979). Since for(TR1)))
we do not need to address such emplications here, we 2.3) GIVE(A, CLERK, Price(Ticket-for(TR1)))
will refer to KNOW-REF informally as s predicate. To
integrate this predicate into the representation of Similarly, we can ensure that step (3) is executed by
plans, we will again need to add additional implicit planning another request action, I
preconditions on every act. namely that in order to
execute any action with functional parameters PI, ..., REQUEST(A. CLERK,
Pn, the actor must know the value of each of the GIVE(CLERK, A, Ticket-for(TRI)))
parameters (eg., KNOW-REF(A, PI), and so on). We
will only list this precondition in our plans when it is
currently false. Given these additions, we can define
the action of a sincere informing as follows:
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An example dialogue reflecting these speech acts is: as requested, but in addition we might perform

A- How much is a ticket to Milan? (request (2.1)) INFORM-REF(CLERK, A, Location(TRW)"

CLERK: Thirteen Fifty (inform (2.2)) to satisfy the precondition on the GOTO act. Of course,

A: Could I have a ticket please (request for (3)) if we had believed that A already knew where TRl left
from, the precondition would have already been '

Note that the discussion to this point has said satisfied and we would not have generated the 1'' \ *
nothing about the mapping of sentences to their speech additional action. Such a situation would occur in a
act forms. In particular, there are many cas when mall country rail station where all trains left from the
the system will not be able to compute speech act same single track. Our model thus provides some ,4
descriptions directly from the input. Consider the account of helpful behavior in dialogues, where the
widespread use of indirect speech acts (Searle, 19751, participants do not simply respond to every request
utterances where the speaker, if taken literally, says with the minimum effort required.
one thing yet actually means another. For example,
"Do you know the time?" is literally a yes-no question. Because the response is based on the plan and not
but it is usually used as a request for the time (i.e.. directly on the actual utterance, the model also
REQUEST to INFORM-REF the time). In some suggests a method for comprehending sentence
settings, where the speaker knows the time and the fragments. For instance, even if A had said "Milan.
bearer doesn't, it can even be meant as an offer to tell please," we could still recognize A's plan using the
the hearer the time! Thus, instead of computing a constraints in the domain. Since the clerk sells tickets,
speech act from the actual sentence, we will assume he or she expects most people to be executing some form
that the system will compute a surface speech act form of a BUY plan when they speak. Of course, they might
encoding the literal meaning of the sentence out of not be executing a BUY action; they might need
context. There is not the space to go into this in detail, directions to somewhere in the station or something
The interested reader should see [Allen, 19831. else. But in this domain there are a limited number of

general plans that the clerk encounters, and of these
5. Helpful Responses and Sentence Fragments plans, only a few of them could possibly involve

MILAN. For example, while finding the directions to
Just as recognizing a plan from physical actions was the bathroom has no relation to MILAN. taking a trip

useful for modeling topic structure. recognizing the both involves MILAN directly and contains buying a
plan underlying an agent's speech acts will be useful ticket as a subpart. Thus the sentence fragment may
for generating an appropriate response. For instance, contain enough information to identify A's plan and the
if taking the role of the CLERK we observe the speech clerk can respond in the same way as before. If no other N.
act actions are observed besides the speech act, the clerk

would base the response on the first part of the plan
REQUEST(A, CLERK, that has not been executed. In this case, the act

GIVE(CLERK, A. Ticket-for(TRl))) GOTO(A. CLERK) has presumably been executed since

(ignoring for the moment the steps from the surface its effects are true, but the action

form to this speech act), with GIVE(A, CLERK, Price(Ticket-for(TR)))

DESTINATION(TRI, MILAN), has not been observed. Examining the preconditions of

then we could infer from the effect of the REQUEST, this action, the clerk finds
i.e., that A wants the clerk to give A a ticket, that A's HAS(A Price(Ticket-for(TRI)
plan is

TAKE-TRIPA TRI, MILAN) and the implicit precondition

This would be inferred in the same way that we KNOW-REF(APrice(ichet-for(TRI)
constructed a plan earlier. If we wished to be helpful, Assuming the domain knowledge encodes that
we might inspect the plan to see if we could assist A in passengers usually have enough money but often don't
other ways besides what was explicitly asked for. For know the price, the clerk would pick the latter as the
instance, since we believe that A will be next goal to achieve and plan an INFORM-REF act as
performing the act GOTO(A, TRI), we believe A will appropriate. If, on the other hand, the clerk also
need to know where TRI is, since observes the act

KNOW-REF(A. Location(TRl)) GIVE(A. CLERK, Price(Ticket-for(TRl)))

is an implicit precondition of GOTO(A, TRI). Thus we together with the sentence fragment, then the next %
might plan to perform the action step in the plan would involve the clerk giving A a

ticket. The clerk would execute this act as the response
GIVE(CLERK, A, Ticket-for(TRI)) to the utterance.
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The above approach shows how both linguistic and In order to generalize our model, however, we will find %
non-linguistic actions can be incorporated into the it necessary to both expand and make explicit this type
same formalism to provide a rich theory of the events of knowledge. To do this, a set of plans about the
that occur during a dialogue. It also shows that an planning process itself, or meta-plans, will be " -
appropriate response can be generated from sentence introduced. Meta-plans will be identical to domain '
fragments where the initial speech act is not known. In plans except for the fact that every meta-plan will
the first case above, the clerk responded as though A's always refer to another plan. For example, we will
utterance were a question about the price of a ticket to have mete-plans that introduce plans, execute plans,
MILAN (i.e., a REQUEST to INFORM-REF), whereas specify parts of plans, debug plans, abandon plans. etc.,
in the second case, when A also gave the clerk some independently of any domain. While such knowledge
money, the clerk responded as though the utterance loosely corresponds to the various linguistic ways in
was a request to give A a ticket, which utterances can rhetorically be related to one

another, formulating this knowledge within our plan-
6. Plans about Discourse based framework will enable us to both provide formal

semantics for such plans as well as use our already
Implicit in the above discussion was the fact that existing framework for plan recognition and

only one plan (or topic) was ever introduced and manipulation. Finally, to support the various N,
referred to by the various speech acts. We can relationships of topic suspension and resumption that
introduce the need to reason about a wide variety of we will introduce, we will need to introduce a stack of
conversational goals including interruption and active and suspended plan structures that we will
resumption of various plans by considering an construct and manipulate during the course of a
exchange in the train station such as the following. dialogue.

1) A- I'd like to buy a ticket to Milan please. To illustrate in more detail what is meant by a
How much is it? meta-plan, consider defining the previously implicit

2) B: Five dollars. knowledge that at the beginning of a dialogue the
underlying plan needs to be recognized. An extremely

3) A. OK. Here's a ten. By the way, I'd like to simplified meta-plan formulation of this might be as
find a newsstand. Is there one around follows:
here?

4) B: There's one down the corridor there. INTRODUCE-PLAN(speaker, hearer, plan)
Preconditions: nil

5) A: Thanks. Now, exactly when and where do Body: INFORM(speaker, hearer, WANT
I catch the train? (speaker, goal))

Effects: BELthearer, WANT(speaker. plan))
As in the example above, B can use A's initial Constraints: SUB-GOAL(al, plan)
utterances along with a library of typical actions to
recognize that A is executing the subaction BUY(A, B, where the representation is analogous to the planning
Ticket-for(TRl)), with DESTINATION(TRI, MILAN), representation given earlier, with the following two
as part of the action TAKE-TRIP(A, TRI, MILAN). exceptions. First, we now need a vocabulary of
Unlike the previous examples, however, this TAKE- predicates such as SUB-GOAL for referring to and
TRIP plan will not be a useful context for describing plans. SUB-GOAL(a,b)isdefinedtobe true
interpretating all of A's subsequent utterances. To only if a is below b in a plan tree. Second, we have
understand and respond appropriately to A's request to added a fourth set of defining conditions for action-
know if there is a newsstand nearby, B will need to types called constraints. These are similar to
recognize that the goal of. going to MILAN becomes preconditions, except the planner never attempts to
temporarily irrelevant and that another one of B's achieve a constraint if it is false. Thus, any action
goals, namely going to the newsstand to buy a paper, whose constraints are not satisfied in some context will
models the new topic (assuming, of course, a richer plan not be applicable in that context.
library than previously presented for the examples
above). Finally, in order to correctly interpret To capture the earlier assumption that during the
utterance (5), B will need to recognize the end of the remainder of a dialogue the speaker will continue
Interruption as well as resumption of the previous execution of this plan, we could similarly add a meta.
TAKE-TRIP topic. plan CONTINUE-PLAN(speaker, hearer, plan) with

the precondition that PLAN has already been
The example above just illustrated that in order to introduced. Then, to understand the initial portion of

manage interruptions such as change of topic, we will the dialogue presented above, we could proceed as
need to introduce more sophisticated knowledge about follows. B matches A's initial utterance, INFORM(A. ,
the ways that actions can be related (as well as not B, WANT(A, BUY(A, B, Ticket-for(TRl))) (with , , 4
related) to a context of previously recognized actions. DESTINATION(TRI, MILAN)) to the body of
In the examples of previous sections, a restricted form I'TRODUCE-PLAN. To successfully make the match, ,
of this knowledge was implicit in that it was always however, B has to satisfy INTRODUCE-PLAN's
assumed that a dialogue consisted of utterances that constraint (find a plan for which wanting to buy a ,%
introduced a plan, followed by utterances that ticket is a subgoal), and thus recognizes that A is
continued discussion of the plan previously introduced. executing the plan TAKE-TRIP(A. TRl, MILAN).
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Then, B can use CONTINUE-PLAN to understand recognizer wil! prune its search process by preferring
"How much is it?" (and in the earlier model, all (inthe followingorder)meta-plansthat
subsequent utterances) in the context of this TAKE-
TRIP. Note, however, that by understanding each 1) continue plans already on the stack, followed
utterance in this new way, we have explicitly by
recognized not only the underlying domain plan
(TAKE-TRIP), but also the relationship of each 2) clarificationsandcorrectionsofplansalready
utterance to this plan (introduction and continuation, on the stack, and lastly
respectively). Unfortunately, without any other
additions to our theory, these two meta-plans still only 8) introductions of totally new plans.
support dialogues without interruptions. When choosingwithin preferences, the plan recognizer

As we will see, by adding a plan stack to our model will prefer interpretations following the stack
we can also use INTRODUCE-PLAN to model topic discipline, i.e., relationships with plans on the top of
change. Furthermore, we can then expand our library the stack. Intuitively, this ordering corresponds to the
ofmeta-plansanduniformlytreatawiaerangeofother observation that people typically expect a new
interrupting subdialogues, for example, clarifications utterance to be related to earlier ones (as captured in
and corrections [Litian and Allen, 1986]. The plan the non-interruption assumption of the earlier
stack will be used to monitor execution of a topic and sections). When an interruption does occur, people still
its various interruptions (including interruption of the try to relate the interruption to the previous context,
interruptions, and so on). In other words, a stack of for example by viewing it as a clarification or
executing and suspended topics will be built and correction of such. Only as a last resort do people, in S
maintained during a dialogue. The original topic will the unmarked case, appear to assume that a topic has
be at the bottom of the stack and the currently been suddenly and totally changed. As mentioned
executing topic at the top. When a topic is initiated, it above, however, default preferences of the plan
will be pushed onto the stack and the previous topic recognizer can always be overruled by various
(the previous top of the stack) suspended. When a topic linguistic markers. An extremely obvious (yet
is completed, it will be popped from the stack and the familiar) example of this would be that when a speaker
topic below it resumed. For example, a clarification wants to change a topic, he or she often finds it
subdialogue would be modeled by a clarification meta- necessary to preface the new discussion with phrases
plan that refers to the plan that is the topic of the such as "Changing the topic a bit."
clarification. When the clarification plan is recognized
it is pushed onto the stack, and the previous top, the In sum, our plan recognition framework has been
plan being clarified, is temporarily suspended. When extended in several important ways, enabling the
the clarification is completed, the stack is popped and processing of a wider range of topic relatir nships
the previous plan resumed. between utterances. To do this our model now includes

mete-plans encoding discourse relationships and a plan
Obviously a stack metaphor is an idealization for stack, and our plan recognition algorithm has been

the interruptions found in many conversations, modified to deal with these additions. In particular,
Conversations in which interrupted topics are not given an utterance to interpret, a library of plausible
always resumed are fairly common. Thus, our plan domain and meta-plans, and the relevant discourse ,

recognition algorithm will consider conversations context (i.e., the plan stack), the plan recognizer will
following the stack discipline to be an ideal case. If a now recognize a meta-plan and either relate it to an
conversation can be interpreted in a way that follows a existing plan in the relevant context or construct a new
stack discipline, this interpretation will always be plan for the meta-plan to be about. The plan recognizer
preferred over any other possibilities. However, when will then output a modified stack reflecting the results
no such choice of conversational interpretation exists, of this recognition.
even if our stack metaphor is violated the non-stack
interpretation will nevertheless be pursued. Finally, 7. Summary
although we have no room to discuss it here, a truly
adequate plan recognition system should be able to use In this paper we have described the uses of plans
various linguistic clues to recognize marked violations and goals in natural language systems, from the use of
of the ideal stack behavior. For example, a phrase such plans as a model of the topic of stories and
as "never mind" often signals non-resumption of an conversations to the use of plans as an overall theory
otherwise expected topic. A treatment of this issue is accounting for the interactions that occur in natural
found in (Litman. 1985]. dialogues. In particular, we presented a plan-based

model for understanding questions (including sentence
Our last elaboration of the basic plan recognition fragments) and generating helpful responses, and

framework will be to note that expectations regarding showed a promising approach for dealing with indirect
future meta-plans (topic relationships) vary with speech acts. We then expanded our model to deal with
respect to their coherence with an already existing extended dialogues where topics may be suspended and
context. In other words, all other things being equal, later resumed. For more details on these topics, we

ven an utterance to interpret and a plan stack suggest the following papers: Cohen and Perrault
representing the previous discourse context, the plan [1979 for an introduction to speech act planning-, Allen 1,

[19831 and Allen and Perrault [19801 for the use of plan
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recognition in question answering systems, and Litmnan, D.J. and J.F. Allen. "A plan recognition model
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Appendix A-2 S

The HORNE Reasoning System
in COMMON LISP

James F. Allen and Bradford W. Miller
Computer Science Department

University of Rochester
Rochester, NY 14627

TR 126 revised

August 1986

HORNE is a programming system that offers a set of tools for building
automated reasoning systems. It offers three major modes of inference: (1) a
horn clause theorem prover (backwards chaining mechanism); (2) a forward
chaining mechanism; and (3) a mechanism for restricting the range of
variables with arbitrary predicates.

All three modes use a common representation of facts, namely horn clauses
with universally quantified variables, and use the unification algorithm.
Also, they all share the following additional specialized reasoning
capabilities: 1) variables may be typed with a fairly general type theory that
allows intersecting types; 2) full reasoning about equality between ground
terms, and limited equality reasoning for quantified terms; and 3) escapes
into LISP for use as nece This paper contains an introduction to each of
these facilities, and the H6 User's Manual.

This work was supported in part by the Air Force Systems Command, Rome
Air Development Center, and the Air Force Office of Scientific Research
under Contract F30602-85-C-0008, which supports the Northeast Artificial
Intelligence Consortium (NAIC), by the Defense Advanced Research Projects
Agency under Grant N00014-82-K-0193, and by the Office of Naval Research
under Grant N00014-80-C-0197. -k
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An Overview of the
HORNE Reasoning Capabilities *

1. Introduction

This is a brief introduction to the major reasoning modes and facilities
provided by the HORNE reasoning system. Details on the actual system are
contained in the HORNE User's Manual which forms the second half of this
report. In this section, we will first discuss the basic reasonin modes, and then
outline the specialized reasoning systems embedded in HO .

2. The Basic Reasoning Modes B

There are three basic reasoning modes. The first two correspond to the
antecedent and consequent theorem mechanisms of PLANNER, and are called
forward chaining and backward chaining, respectively. The third is most closely
related to reasomning with constraints, and is called constraint posting.

Independent of the mode of reasoning, all facts are in the form of horn
clauses, which can be viewed as logical implications with a single consequent.
Thus

P<Q

read as "if Q then P," is a horn clause, as is

which simply asserts P, and as is

P Q, R

which should be read as "if Q and R, then P." The following is not a horn clause, ,v
because there are two consequences:

P,Q<.

Note that, in more general systems of this type, this would be read as "if R, then
P or Q."

A horn clause may contain globally scoped, universally quantified variables * .*
which are indicated by a prefix of"?'. Thus

(P ?) < (Q ?x)

is a horn clause that is read as "for any x, if Q of x holds, then P of x holds."
Finally, whenever the.process of matching two formulas is discussed, we are s
referring to the full unification algorithm found in resolution theorem-proving
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systems extended to unify lists in LISP format. This extension is explained in . -
detail in the HORNE User's Manual. .P1j

% ,.

2.1 Backwards Chaining *

This mode provides a PROLOG-like theorem prover. It searches a horn
clause that could prove the given goal, and attempts to prove the antecedents of
the horn clause. it uses a depth-first, backtracking search. For the reader not
familiar with such systems, see [Kowalski, 1979]. As an example, consider thefollowing axioms:

All fish live in the sea.
(1) (LIVE-IN-SEA ?x) < (FISH ?x)

All Cod are fish.
(2) (FISH ?z) < (COD ?x)

All Mackerel are fish.
(3) (FISH ?x) < (MACKEREL ?x)

Whales live in the sea.
(4) (LIVE-IN-SEA ?y) < (WHALE ?y)

Homer is a Cod.
(5) (COD HOMER) <

Willie is a Whale.
(6) (WHALE WILLIE) <

Given these axioms, we can prove Willie lives in the sea as follows, using a
straightforward backtracking search. We have the goal:

(7) (LIVE-IN-SEA WILLIE)

Rule I appears applicable: Unifying (1) with (7) we get

(LIVE-IN-SEA WILLIE) < (FISH WILLIE) .- I

So we have a new subgoal: I

(8) (FISH WILLIE)Rule (2) appis giin *:
(FISHWILLICE) < (COD WILIE),

so we have a new subgoal .
(9) (COD WILLIE)
x No rule applies, try (8) again.

Rule (3) applies, giving
(FISHiWLLIE) < (MACKEREL WILLIE)
So we have a new subgoal "-"
(10) (MACKEREL WILLIE)
x No rule applies, try (8) again, no more ways to prove (8)

x No rule applies, try (7) again " -
Rule (4) applies giving

(LIVE-IN-SEA WILLIE) < (WHALE WILLIE)
So we have a new subgoal 4'

(11) (WHALE WILLIE)
Rule (6) asserts (11) as a fact
V Goal (I1) is Proved.

V Goal (7) is Proved.
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2.2 Forward Chaining -

The rules for forward chaining are quantified horn clauses augmented with a
trigger. Such a rule is applied whenever a fact is added that matches (i.e., unifies
with) the trigger. In such a case, the reasoner attempts to prove the antecedents
of the rule and, if it is successful, asserts the consequence. In general, each of
the antecedents is attempted by simple data base lookup only. In other words,
the backwards chaining reasoner is not invoked to prove an antecedent. There is ON
an option, however, to invoke the backwards reasoning ifdesired.

For example, consider maintaining the simple transitive relation < (less
than) using forward chaining. The axiom we want to use to ensure the complete
DBis

V x,yz LT(zy) & LT(yz) D LT(zz). S

To implement this using forward chaining rules, we have the following: a

Trigger Rule ' -

(12) (LT ?x ?y) (LT ?x ?z) <(LT ?x ?y) (LT ?y ?z)

(13) (LT ?y?z) (LT ?z?z) <(LT ?y ?z) (LT ?z?y) i N.

v

Consider the following additions:

(LT B C) triggers rules (12) and (13), but nothing can be proved

(LTAB) triggers (12) ?x *.- A,?y -B
proves (LT A B) V s .
proves (LT B ?z), ?z .- C
adds (LT A C)

triggers (12) ?x *-- A, ?y C
proves (LT A C)

fais on (LT ?z A)
trggers? (13) A, ?zBtriggers (13) ?y #- A, ?z ,-B

proves (LT A B)
fails on (LT ?x A)

As one can see, the rules apply recursively on inferred additions, and the search
space generated by the forward chaining r=s is completely searched. The
forward chainer detects possible infinite loops that could result from adding the
same fact twice.

2.3 Constraint Posting

The last facility allows proofs of goals to be delayed for certain predicates
until more is known about the arguments to the predicate. In particular, it 1 0
allows one to delay proving a formula until one of its variables is bound.
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This is best illustrated by example. Assume we want to define a predicate of N.

two arguments, ?x and ?y, that is true iff?x and ?y are bound to different terms.
The most common way to implement this in PROLOG systems is to use negation
by failure on the EQ predicate, which is simply defined by

(14) (EQ ?z ?x)

Thus EQ forces two terms to unify, and fails if they cannot. Using this, they
define

(15) (NOTEQxy) <(UNLESS (EQ x ?y))

where UNLESS is negation by faiI:re. This formulation gives undesirable .----

results when one of its terms is unbound. In particular, it binds a variable
argument to make the terms equal. Thus with the axioms

(16) (P ?x ?y) <(NOTEQ ?x ?y) (R ?y)

(17) (R B)

we could not prove (P A ?y) for the predicate (NOTEQ A ?y) would fail since (EQ
A ?y) succeeds by binding ?y to A.

To avoid this, we could define NOTEQ so that it only fails when both
arguments are bound. But this would allow incorrect proofs as the variable could
later be bound violating the distinctness condition. What is needed is a facility
to delay the evaluation of (NOTEQ ?x ?y) until both arguments are bound. We
do this by a mechanism called posting.

If a literal is POSTED and contains no variables, it is treated as a usual
literal. The proof succeeds or fails and the posting has no effect. If the literal -..
does contain a variable, the evaluation of that literal is delayed until the
variable is bound. Thus we define a new predicate DISTINCT by

(18) (DISTINCT ?x ?y) <(POST (NOTEQ ?x ?y)).

Now, using a modified axiom (16), namely,

(19) (P?zx?y)<(DISTINCT ?x ?y) (R ?y)

and the modified definition of NOTEQ as in axioms (20)-(22), i.e., (NOTEQ ?x 91y)
is true if either ?x or ly is not fully grounded (i.e., it is a term contaimng a
variable), or if the two grounded terms cannot be proven to be equal:

(20) (NOTEQ ?x ?y) <(UNLESS (GROUND ?x))

(21) (NOTEQ?xy) <(UNLESS (GROUND y))

(22) (NOTEQ ?x ?y) <(UNLESS (EQ ?x ?y)) ' 4

Given clauses (17) through (22), we can prove (P A ?y), resulting in ?y being
bound to B as follows: 0
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Goal: (PA ?y)

Subgoals: (DISTINCT A ?y) (R ?y)
(DISTINCT A ?y) is proven using (18), but the subgoal (NOTEQ A ?y) is
not evaluated in the normal manner since ?y is unbound. Instead, the call
succeeds and ?y is annotated to be NOTEQ from A.
(R ?y) succeeds from axiom (17) if?y can be bound to B. The unifier checks
(NOTEQ A B), which succeeds, allowing ?y to be bound.

Thus the oal proved is (P A B). Note that DISTINCT, GROUND, and NOTEQ
are built-in predicates in HORNE and are defined using these mechanisms.

Let us consider this mechanism in a bit more detail. After a literal Q has
been POSTED, its variables are annotated using a form such as . A;

(any ?x (Q ?x))

which is a term that will unify with any term such that Q holds for that term.
Thus (any ?x (Q ?x)) unifies with A only if we can prove (Q A).

If there are multiple variables in a posting, each variable is annotated
separately, and the constraints on each are checked as each is bound. For.,
example, the trace of the proof of (P ?x ?y) given axioms (17) - (22) is as follows: -,

Goal: (P ?z ?y)
Rule (19) applies, giving(P?x )<(DISTINCT ?x ?y) (R ?y)

Subpoal -:

(DISTINCT ?x ?y)
Rule (18) applies, giving

(DISTINCT ?x ?y) < (POST (NOTEQ ?x ?y))
Subgoal
(POST (NOTEQ ?x ?y))
succeeds binding ?x +- (any ?xl (NOTEQ ?x1 .yl))

?y (any ?yl (NOTEQ ?xl ?yl))
Proved: (DISTINCT (any ?xl (NOTEQ ?xl ?yl)) (any ?yl (NOTEQ ?xl ?yl)))
Subgoal
(R (any ?yl (NOTEQ ?xl ?yl))
Rule (17) applies
(R B) if we can unify (any ?yl (NOTEQ ?xl?yl)) withB
[We try subproof of (NOTEQ ?xl B), which succeeds]

Proved: (P (any ?xl (NOTEQ ?xl B)) B) -'

Thus constrained variables may appear in answers. Users may explicitly
construct their own constrained variables in queries and assertions as well, if
they wish.

Two constrained variables may unify together as long as the combined
constraints are provably consistent in a strong sense, i.e., there exists at least
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one proof of the combined constraints. For example, if we had the following data
base:

(23) (PAA)

(24) (PB B)
(25) (PBA) 6.

(26) (T (any ?x (PA ?x)))

We could prove the goal (T (any ?y (PB ?y)) by unification with (26) as
follows: (any ?y (PB ?y)) and (any ?x (PA ?x)) may unify to (any ?z (PB ?z) (PA ?z))
if there is an object such that (PB ?z) and (PA ?z). A subproof of (PB ?z) (PA ?z) is
found with ?z #- A. This binding is not used, however, since the desired answer
could be something else. The result is

S

(T (any ?z (PA ?z) (PB ?z))).

If in a later part of a proof, ?z was unified against a constant k, a subproof of (PA
k) (PB k) would be done before the unification succeeds.

3. Built-In Specialized Reasoning Systems

There are two built-in specialized reasoning systems provided with HORNE.
These provide typing for terms and simple equality reasoning.

3.1 Types I

All terms in HORNE may be assigned a type. If a term is not explicitly
assigned a type, it is assumed to belong in T-U, the universal type. Variables
over a type are allowed, and a special syntax is provided. The variable ?x*DOG,
for instance, signifies a variable ranging over alf objects of type DOG. Constants
and other ground terms can be asserted to be of a certain type using a built-in
predicate IYE. Thus

(ITYPE A DOG)

asserts that the constant A is of type DOG.

Types in HORNE are viewed as sets of objects, and all the normal set
relationships between types can be described. Thus one type may be a subset• (i.e., subtype) of another, two types may intersect or be disjoint and the non-null

intersection of two types produces a type that is a subtype of the two original
types. All this information is asserted using built-in predicates. For example,

(ISUBTYPE DOG ANIMAL)

asserts that the type DOG is a subset of the type ANIMAL (i.e., all dogs are

(DISJOINT DOG CAT)

asserts that no object can be both a cat and a dog,
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(INTERSECTION FAT-CATS CATS FAT-ANIMALS)
asserts that the set of FAT-CATS consists of all cats that are also fat animals,
and

(XSUBTYPE (MALES FEMALES) ANIMALS)

asserts that (MALES FEMALES) is a partition of ANIMALS, i.e., that every
animal is either a male or a female, and that all males and females are Animals.

All direct consequences of these facts are inferred when the axioms are
added. For example, if A and B are disjoint, and Al is asserted to be a subtype of
A, then it is inferred that Al and B are dis oint. This is done by the forward
chaining system. During a proof, the partition information is not used. As aresult, asserting (XSUBTYPE (a b) c) has the same effect as asserting
(ISUBTYPE a c), (ISUBTYPE b c), and (DISJOINT a b). During adding type
assertions, however, partition information is used. For example, given the
relationship between a, b, and c above, if we ssert (ISUBT PE d c) and
(DISJOINT d a), then it will be concluded that (ISUBTYPE d b).

The type reasoner acts during unification. A constant will match a variable
of type Tv only if the constant is of type Tv (i.e., the constant is asserted to be of
type Tv, or is of type Tvs which is a subtype of Tv). Two variables unify only if
the intersection of their types is non-empty. The result is a variable ranging
over the intersection of the two types. Thus, complex types may be constructed
during a proof. If types TI and T2 intersect, but no name for the intersection is
asserted, then a complex tye I(TI T2), which is their intersection, is
constructed when unifying ?x TI and ?y*T2.

This type reasoner provides a complete reasoning facility between simple
types. For complex types, however, the reasoner may permit some intersections
that may not be desired since they are empty. Note that this can be checked for
at the end of a proof if desired. Any intersection of more than two types is
guaranteed only to be pairwise non-empty. For example, if the complex type
I(T1 T2 T3) is constructed by unifying a variable of type I(T1 T2) with a
variable of type T3, then it must be the case that I(T1 T2), I(TI T3), and I(T2
T3) are non-empty. However, there might be no object that is of type I(Ti "2T3).

The assertions about the types may be incomplete. For example, two types !V
may be introduced where it is not asserted, or is inferrable, that the types
intersect or are disjoint. HORNE provides two modes of proof for dealing with
these cases. In the strict mode, two types intersect only if they are known to
intersect. In the easy-going mode, two types will intersect unless they are known
to be disjoint. Easy-going mode is more expensive, but can be useful in many - ,*
applications, although it may provide conciusions that on closer inspection are
not useful since they contain a variable ranging over the empty set.

As an example, the simple fish data base above could be restated in the typed
prover as follows: S O0
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(1) (ISUBTYPE COD FISH) <

(2) (ISUBTYPE MACKEREL FISH) <

(3) (ITYPE HOMER COD) <

(4) (ITYPE WILLIE WHALE) <

(5) (LIVE-IN-SEA ?x*FSH) <

(6) (LIVE-IN-SEA ?y'WHALE) <

Although this took one more insertion, it also encodes more information (e.g.,
whales and fish are disjoint). The proof that WILLIE lives in the sea is much
shorter in the typed system. It is completed using only two unifications. S

Goal: (LIVE-IN-SEA WILLIE)
unifying with (5) fails as WILLIE is not a fish;

unifying with (6) succeeds, ?y +-WILLIE.

Thus Goal is proved.

If we add the following axioms, we can demonstrate more complicated type
reasoning. Let us assume that all animals are either fish or mammals.

(7) (XSUBTYPE (FISH MAMMAL) ANIMALS)

This asserts that both FISH and MAMMAL are subtypes of ANIMAL and that
they are disjoint. Note that since COD and MACKEREL are subtypes of FISH,
these will also now be disjoint from MAMMALS.
(8) (ISUBTYPE WHALE MAMMAL)

This asserts that WHALE is a subtype of MAMMAL, and hence WHALE is

disjoint from FISH.

(9) (ISUBTYPE WHALE THINGS-THAT-SWIM)

(10) (ISUBTYPE FISH THINGS-THAT-SWIM) S

Note that in asserting that WHALE is a subtype of THINGS-THAT-SWIM, the
system then knows that MAMMAL and THINGS-THAT-SWIM intersect.

(11) (BEAR-LIVE-YOUNG .MAMMAL)

(12) (SWIMS-WELL ?t*THENGS-THAT-SWIM)

Now if we try to find something that bears live young and swims well, i.e., find

.such that

(BEAR-LIVE-YOUNG ?x) (SWIMS-WELL ?x),
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we succeed by unifying the first subgoal to (11), causing ?x 4-- ?m*MAMMAL,
and the second subpoa to (12), causing ?m*MAMMAL and ?t'THINGSTHAT-
SWIM to be unified, resulting in a complex variable ?y*I(MAMMAL THINGS-
THAT-SWIM). Thus the answer is: all things that are both of type MAMMAL
and THINGS-THAT-SWIM. If we add

(13) (LARGE ?w*WHALE)

and query for something that bears live young, swims well, and is large, we will
end up unif ?y*I(MAMMAL THINGS-THAT-SWIM) with ?w'WHALE. The
result of is is Simply ?w'WHALE, since WHALE is a subtype of both
MAMMAL and THIN -THAT-SWIM..

Constrained variables may be typed in the obvious manner. For example
(any9?x'MAMMAL (SWIMS-WELL ?x'MAM[AL))

is a term that will unify with any term t such that t is of type MAMMAL, and
(SWIS-WLL t) is provable. It is interesting to note that the constrained

variable system could be used to implement a typed system directly, where a
variable ?x*MAMMAL would be replaced by (any ?x (TYPE ?x MAMMAL)).
The semantics of the two notations are identical. Types are so common, however,
that the special notation for variables is maintained and types are optimized in
the implementation.

Unification between a typed constrained variable and a t ed variable
results in the expected answers. Thus, unifying ?x*MAM ALwith (any
?y*ANIMLAL (SWIMS-WELL ?y*ANIMAL)) succeeds with the result (an
?z'MAMMAL (SWIMS-WELL ?x*MAMMAL)). Unifying ?x*ANIMAL wig
(any ?y*MAMMAL (SWIMS-WELL ?y*MAMMAL) succeeds simply and
?x*ANIMAL is bound to the constrained variable.

Unifying a constrained variable with a term that itself contains variables
may introduce new constrained variables. For example, if we are given the fact
(P (f A)), then unifying (any ?x (P ?x)) with (fw) will produce the term (f (any ?z
(P (f?z))). This is the correct result since the constrained variable ?x will unify
with any term such that (P ?x) is provable. Since (P (f?z)) is provable (because of
the fact (P (f A))), the terms unify. The variable ?w is not bound to A, however,
since there may be other terms for which (P (f ?z)) holds as well. Thus (P (f A))
might not be the most general unifier.

These examples are summaized in Figure 1.
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Term 1 Term 2 Most General Unifier

(any ?xMAMMAL WILLIE WILLIE
(SWIMS-WELL ?x)) S

(any ?x*MAMMAL ?aANIMAL (any ?xMAMMAL
(SWIMS-WELL ?z)) (SWIMS-WELL ?x))

(any ?MAMMAL ?w'WHALE (any ?zWHALE
(SWIMS-WELL ?z)) (SWIMS-WELL ?z))

(any ?x (SPOUSE ?a) (SPOUSE
(SWIMS-WELL ?x)) (any?z (SWIMS-WELL

(SPOUSE ?z))))
assuming that the query
(SWIMS-WELL (SPOUSE ?a)) succeeds

(any ?x (-ay ?y (any?z (SWIMS-WELL ?z) 0
(SWIMS-WELL ?x)) (BEAR-LIVE- (BEAR-LIVE-YOUNG ?z))

YOUNG ?y)) assuming that the query
(SWIMS-WELL ?z)

(BEAR-LIVE-YOUNG ?z) succeeds
0

Figure 1: Unification with Constrained Variables

3.2 Typing Functions

Because of the additional complexities involved, a special system is provided -
for typing functions. This is needed for reasoning about function terms that
contain variables. If the only functions used in the system are always fully
grounded, the standard type system can be used directly.

For a given function, one can specify the type of the result of the function,
plus the types on the arguments of the function. Any function term whose
arguments violate these typing restrictions will be flagged as an error. Thus if
we define the function SPOUSE to map from PERSON to PERSON, the term
(SPOUSE WILLIE) will cause an error, since WILLIE is a WHALE and thus
cannot be a PERSON. This function could be defined as follows:

(declare-fn-type SPOUSE (PERSON) TERSON),

i.e., the function SPOUSE takes one argument of type PERSON, and produces
objects of type PERSON.

Of course, one might like to do better than this, and define SPOUSE to be of
type MALE when the argument is FEMALE, and FEMALE when the argument 0
is MALE. Such definitions can be done in HORNE given the following
conditions:

1) the function takes a single argument; ,Iqq
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2) the function is first declared to the most general type of
arguments allowed, and the most general type of objects
produced;

3) further declarations are consistent with the other B
declarations so far; .

4) all further declarations have the most general argument
type for the specified range type.

In other words,

(declare-fn-type !SPOUSE (FEMALE) 'MALE)

is allowed since

1) it is consistent with the initial definition of spouse;
2) every function with argument type FEMALE produces an

instance of type MALE;
3) all function instances of type MALE must have an argument

type FEMALE.

Similarly, (declare-fn-type SPOUSE 'MALE) 'FEMALE) is allowed.

This will produce the appropriate results during unification. Thus if we unify
(SPOUSE 9m*PERSON) with ?x*MALE, the result is (SPOUSE .m*FEMALE),
as desired.

One cannot define a further specification that produces instances of a type
already used in a specification, but with a different argument type. For example,
the following is not allowed:

(declare-fn-type 'fn (T-U) 'PERSON)

(declare-fn-type "fn 'MALE) 'MALE)

(declare-fn-type Ifn 'FEMALE) 'MALE) * ERROR **

since the last declaration violates assumption (4) above. Neither MALE nor
FEMALE is the most general argument type producing instances of type MALE.

Function typing does not guarantee that functions fully cover their range
type (i.e., they are not necessarily "onto"). For example, given

(declare-fn-type IG IT-U) 'ANIMAL)

the query

(EQ (G ?x) ?wWHALE)

will fail, since there is no guarantee that any terms of form (G ?x) are of type
.WHALE, even though all are of type ANIMAL. Even if there is a known
instance of G of type WHALE, such as (EQ (G ABLE) WILLIE), the above proof
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will still fail. It is difficult to do otherwise and yet still produce a most general
unifier. Some scheme using constrained variables would be possible but would
probably be expensive.

3.3 Equality

The system offers full reasoning about equality for ground terms. Thus if you
add

(1) (EQAB)<

(2) (EQBC)<

(3) (PA) <

you will be able to successfully prove the goal (P B) as well as (P C).
Furthermore, given the assertion

(4) (P (f A))

you will be able to successfully prove the goals (P (f B)) and (P (f C)). Adding

(5) (EQ (g A) B)

allows you to prove a potentially infinite class of goals, including (P (g A)), (P (g
B)), (P (g C)), (P (g (g A))), (P (g (a B))), etc., to arbitrary depths of nesting of the g
function.

An incomplete facility is offered for reasoning about equality for non-ground
terms as follows. With a data base of equalities between grounded terms, one
can prove an equality statement with variables in it and the variables will be
bound appropriately. All possible bindin p of the variable are computed and
returned in an any form so that backtracking to the equality is never needed.
Thus if we have

(EQ(fB) G)

(EQ ,f A) G)

and we try to prove

(EQ (f 9x) G)

?x will be bound to (any ?xl (MEMBER ?l (A B))). Multiple variables are also
handled correctly by this scheme.

A very limited facility is provided for adding equality statements that
contain variables. Essentially, these can be used to prove an equality by a single
direct unification. Thus if we add

(EQ (f?x) (g ?x))

(EQ (f ?x) (h ?x))
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we will be able to prove

(EQ (f A) (g A)),

(EQ (f A) (h A)), and

(EQ (f (g?x)) (g (gz)),

but not

(EQ (g A) (h A)).

3.4 Structured Types

The REP extension to HORNE supports a hierarchy of structured types akin
to frame-based knowledge representations. This facility allows one to associate
roles with a type, and it allows subtypes to inherit roles from their supertypes.

Formally, a role is a distinguished function associated with a type. In
particular, the function is defined on all objects in the class named by the type.
There are two ways to access the values of roles of a given object. The first isby
usingthe appropriate function; the second is by using a special predicate named
ROLE. For example, say for the type T-ACTION, we have an "actor" role. Then
if A is an object of type action,

(f-actor A)

is the actor of A, as is the value of?z in 5 0

(ROLE A R-ACTOR ?x).

Either one of these constructs can be used to retrieve the actor role. The second
method, using the ROLE predicate, is more general, as it allows the user to
query role names as well as values. For example, we could find what role ?r an
object X plays with A by the query

(ROLE A ?r X).

Certain types may have a set of role names that suffice to uniquely identify •
each object in that type. In other words, if two objects of that type agree on all
their roles, then the objects must be identical. These we shall call functional
types. For functional types, a function can be defined that maps the set of roles
to the object that they identify. For example, if an event of tye T-MELT is
completely defined by the object melting (R-OBJECT), the time (R-ThIE), and ,
the location of melting (R-LOC), then we can define a function V 70

(c-melt ?o*T-PHYS-OBJ ?t*TTIME ?1T-LOCATION)

that generates the class of melting events.

Given this informal semantics, we can see that certain relations hold S S
between constructor functions and role functions. In particular, if M is any
melting event as defined above, then we know that
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M = (c-melt (f-object M) (f-time M) (f-oc M))

even if we do not know the actual values of the three roles of M. 8
S

The REP system automatically generates the above function definitions and
supports the required equality reasoning between objects, constructor functions,
role functions, and the ROLE predicate.

Structured types are declared to the system using two commands, introduced

here by example. Full details can be found in Chapter 14 of the manual. The
command:

(define-subtype 'F-ACTION 'I-EVENT (R-ACTOR T-ANIM))

Defines T-ACTION to be a subtype of T-EVENT with the role R-ACTOR
defined. All values of R-ACTOR are of type T-ANIM. In addition, T-ACTION
wil inherit any roles defined with the type T-EVENT. In particular, a function
f-actor is defined that maps an object of type T-ACTION to an object of type

The ROLE predicate is axiomatized such that any object 0 which is asserted
to be the R-ACTOR of some action A will be equal to (f-actor A). Thus if we add

(ROLE A R-ACTOR 0)

then

(EQ (f-actor A) 0)

will automatically be asserted as well.

On the other hand, the command

(define-functional-subtype 'F-ACTION 'F-EVENT (R-ACTOR T-ANIM)) 6l

would do all of the above, and in addition defines a function C-ACTION that
takes an object of type T-ANIM and produces an object of type T-ACTION.

The system is set up so that any instance of type T-ACTION will be equal to
its appropriate constructor function. Thus, if we now add

(rrP A T-ACTION)

the assertion

(EQ A (c-action (f-actor A)))

would be asserted as well.

With the equality reasoning abilities of HORN"E, the system can now
integrate all role values as they are asserted later and the appropriate i
conclusions regarding the equality of objects can be derived. Thus, if we add
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(EQ (f-actor A) 0) and
(ROLE A R-ACTOR 0')

then (EQ 0 0') will be concluded. Furthermore, the equalities

(EQ A (c-action 0))

(EQ (c-action 0) (c-action 0'))

can be derived as needed during any proof.

Roles are automatically inherited from supertypes at the time the structured ..in , .
type i defined. These inherited roles will appear in constructor functions
.folowing the role values that were explicitly defined with the type. An
inherited role may be redefined lower in the hierarchy only if tne type
restriction on the new role definition is a subtype of the original role definition.
For example, assuming T-ACTION was a regular (non-functional) subtype of -
T-EVENT as defined above, if we use

(define-functional-subtype IT-OBJ-ACTION "r-ACTION ,*

(R-OBJ T-PHYS-OBJ))

a constructor function of the form

(c-obj-action ?obj*T-PHYS-OBJ ?a*T-ANIM)

would be defined. On the other hand, the definition

(define-functional-subtype T'-SING 'I-ACTION (R-ACTOR T-PERSON))

would be allowed only if T-PERSON were a subtype of T-ANIM. If this were so,
a constructor function of the form

(c-sing ?a*T-PERSON)

would be defined.

• , .. ,., .. ;,
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1. INTRODUCTION

HORNE is a Horn-clause-based reasoning system embedded in a LISPenvironment. Its facilities are called as LISP functions and HORN programs .,.Vl
can themselves call LISP functions. Thus, effective programming in HORN E
involves a careful mixture of logic progrvamming and LISP programming. This

~manual assumes that the user is familiar with the fundame ntals of both LISP
' and Prolog. The naive user should consult Winston and Horn (1981) for an

introduction to LISP, and Kowalski (1974; 1979) and Bowen (2979) for
PROLOG. The system is fully implemented, and runs in COMMON LISP.

1.1 Using ThisManual ';P.
Several notational conventions are followed throughout tis manual. Function- -i -

calls that can be made to the HORNE system are shown in italics. HORNE
distinguishes between upper and lower case letters. Therefore it is imperative
that the reader pay close attention to the case. The usual LISP documentation
convention of quoting parameters that are evaluated during function calls is
used. For example, in the call

< atg2 >, but not < argl >, is evaluated. Throughout, all fimctions ending in the ..
letter "q" do not evaluate their arguments, while most other functions do. -;-.I

1.2 Syntax%

The three major classes of expressions in this language are terms, atomic ,
formulas, and axioms. The syntax for these classs are given by the following .'
BN F rules: e or

< axiom > :=(<conclusion> % % ':.'
(< conclusion > < index > )I - -. 4.
(< conclusion > < index > < list of premises >) -.. '_

< conclusion > :=<atomic formula> :,,..
<list of premises>peis > :..=<premiss>vaibe>I < premiss ><aoc fol< ist of premises > ''-I

<index>-' < literal am > I < list of indexes >.-<.,""
< atomic formula > :=(<pred ctnm> < list of" term > )::.:.
< predicate name > :=<constant> .- '.-
<term> :=<constant> I <variable > I( <list ofterm > ) .'-...

9<constant> <: <literal atom> ._
< variable > ::=? <literal atom > % % %?
< list of terms > :=<r.> I <term> I <term> < list of terms >[ ..

<term>-. <term> ..
::=

An example of" an axiom is: ((P ?x) <1 (Q ?x)) where "(P ?x)" is the %
< conclusion >, "<1" is the index, and "(Q ?x)" is a simple < list of premises>.-
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This statement is interpreted as follows: the assertion named "<1" signifies
that for any x, (Q x) implies (P x). Or, alternately, to prove (P x) for any x, try to
prove (Q x).

1.3 Special Symbols

The HORNE system uses two special symbols which should not be used for other
purposes: R.N .

"?" indicates a variable will cause the atom following it to be expanded
into the internal variable format. This is true only in axioms. The symbol
can be used freely in LISP code.

1.4 Running HORNE

From a COMMON-LISP listener do (pkg-goto horne) to use HORNE commands,
or (pkg-goto 'rep) to use REP and HORNE commands. Commands are exported,
so a user package can do :use 'rep to get REP and HORNE commands.

.w
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2. BASIC HORNE PROGRAMMING

This section explains how the HORNE database can be modified and examined,

and how theorems can be proved.

2.1 Defining and Deleting Predicates

Several simple functions are available for asserting and retracting axioms.

(axioms '<list of axioms >)
Asserts all of the axioms in < list of axioms > at the end of the database in
the order they appear in the list. Same as addz.

(adda '<axiomi > ... '<axiomn >) and (addaq <axioml > ... <axiomn >)
Adds all the axioms to the beginning of the database. <axioml > will
precede <axiom2 > in the database, etc. Warning: This operation is
much more expensive than addz or axioms.

(addz '<axioml > ... '<axiomn >) and (addzq <axioml > ... <axiom >)
Adds all the axioms to the end of the database. <axioml > will precede
<axiom2 > in the database.

(retracta '<predicate name >) and (retractaq <predicate name >)
Retracts the first axiom in the database that concerns <predicate
name>.

(retractz '<predicate name>) and (retractzq <predicate name>)
Retracts the last axiom in the database that concerns <predicate name >.

(retractall '<pattern >) and (retractallq <pattern >)
Retracts all the axioms in the database whose conclusions unify with the
specified pattern. The predicate name must be specified in the pattern. If
an atom is given as a pattern, it will be interpreted as a predicate name
and all axioms for that predicate will be deleted. For example,
(retractal '(P A ?x)) retracts all axioms whose head unifies with (P A ?x) a
(e.g., (P ?x ?z), (P ?x B), (P A B)), and (retractall ) retracts all axioms for
predicate P.

(clear '<index >) and (clearq <index >)
Retracts all axioms in the database with an index matching the specific
index. This function accepts patterns for complex indexes. Thus (clear '(f
?x)) would delete all axioms with an index consisting of a two-element list
with the first atom being "f" (e.g., (ff 1), (ff DD), (ff(aa b))).

(clearall)
Deletes all axioms defined by the user.
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(reset)
Deletes all axioms, equality information, hashing information, and
function type definitions. Essentially restores system to its initial state.

(reset-all.tracing)
Turns off all tracing and warnings user has enabled.

Predicates in HORNE can either have a constant arity or can vary. The addition
mechanism assumes that any predicate not previously specified as a varying
predicate is constant. To define a predicate with a varying number of
arguments, use the function

(declare-varyingq <prednamel > ... <prednamen>),

e.g.,

(declare-varyingq or* and*)

The predicate or* defined in Section 5.3 is an example of a predicate that has to •
be declared to be varying. Only varying predicates allow list matching on their
arguments. Thus, for or*, we can use a term of form (or* ?first. ?rest) and the
variables will be matched appropriately.
2.2 Examining the Database

The database of axioms can be examined with the following functions:

(printp '<pattern >) and (printpq <pattern >)
Pretty prints all of the axioms whose conclusions unify with the pattern,
including comments. As with rall, atomic patterns are assumed to be
predicate names.

(printi '<index >) and (printiq <index >)
Pretty prints all of the axioms that have an index that unifies with the
specified index.

(relations)
Returns a list of all the predicate names currently defined in the system.
This includes all of the predicate names that are LISP functions. -

Returns a list of all the indices in use.

(axioms-by-index '<index>)
Returns a list of axiom names associated with the given index. This uses a
direct match of the index without unification.
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(axioms-by-name-and-index '<pred -name> '<'index >)
Returns all the axioms with the given predicate name and the given
index. This uses a direct match of the index without unification.

There are also functions for accessing the data base without invoking the prover.

(find-facts '<atomic formula >) and (find.factsq <atomic formula >)
Returns all axioms of form (<conclusion>) or (<conclusion> <index>)
that unify with the specified formula. Thus to find all axioms that assert
that P is true of something, we could use (find-facts '(P ?x)). If the data
base contained the facts

((P B) <3)
((P D) <4 (Q R))

then the query would return (((P B) <3) ((P A))).

(find-facts-with-bindings '<atomic formula >)
Same as find-facts except that it returns the variable bindings as well in
the format ((<axiom> <binding list>)*). For example, with the above 0
three axioms for P, the query (find-facts-with-bindings '(P ?x)) would

N return
((((P B) < 3) ((?x B))) (((P A)) ((?x A)))).

(find-clauses '<atomic formula>)
Returns all axioms whose conclusion unifies with the specified formula.
The same restrictions on variable naming as with find-fact hold for this
function. It would return all three of the above axioms in the query (find-
clause '(P ?x).

(get-facts '<atomic formula.>)
Same as find-facts except that the conclusion must be identical to the
specified formula ignoring variable naming, e.g., (get-facts '(P ?x)) with
the above three axioms would return NIL.

(get-clauses '<atomic formula >)
Same as find-clauses except that the conclusion must be identical to the
specified formula ignoring variable naming.
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2.3 Proving Theorems

The theorem prover is invoked by calling the LISP function prove with a set of . S
formulas that represent the goal clause.

(prove '<'atomic formula!> ... '< atomic formida6>)

(proveq <atomic formuai > ... <datomic formulan >)
Attempts to prove the list of formulas, and returns a bound solution if one
is found. This will be a list of the atomic formulas in the same form as
given to prove.

Once a proof is completed, you can find out the execution time in seconds by
calling (runtime). The answer returned by the last query can be printed using
the function (print-answer).

There are variations on the prove command that allow multiple answers to be
found. These are indicated by an optional first argument as follows:

(prove :query '<atomic formulaz > ... <'atomic formulan >)
(proveq :query <atomic formulal > ... <atomic formulan >)

Prompts the user each time a solution is found, and queries whether to
search for another or not.

(prove :all '<atomic formulai > ... '<atomic formula,,>)
(proveq :all <atomic formulai > ... <atomic formulan >)

Does an entire search of the axioms and returns all solutions found. Note '
that currently if there is an infinite path in the proof tree (e.g., a
transitivity axiom) then this function will not return. Will return a list of
the lists of the formulas with their variables bound appropriately, e.g.,

(addzq ((happyjoe)<)
((happy mary) <)
((sad frank) <))

(proveq :all (happy ?x) (sad ?y))
returns

(((happy joe) (sad frank)) ((happy mary) (sad frank)))

(prove <number> '<atomic formulai > ... '<atomic formula >)h)
(proveq <number> <atomic formulal> ... <atomic formulan >)

Finds <number> proofs of the goal obtained by evaluating '< formula >. '"
Note that (prove I <formula >) is equivalent to (prove '<formula >).

Note: Every 500 proof steps the theorem prover prompts the user whether to
continue or not. When you see the output "continue?", respond with a "y" to
continue, "n" to stop. Also at this point, any LISP function can be evaluated and
the system will then reprompt whether to continue. See Section 7 to change the o
number of steps before a prompt.
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2.4 Comments

Comments can be added for each predicate name. These are then printed by the
various print functions.

(add-comment '<predname > '<comment>)

Adds a comment to the predicate specified (and deletes any existing
comment). The comment can be any LISP expression, but it is most
convenient to use strings, e.g.,

(add-comment loves 7fhi is a comment)

Strings can include carriage returns, so longer comments can be used.

(add-to-comment '<predname.> '<comment>)
Extends an existing set of comments with the new comment.

(print-comment '<predname >)
Prints the comments for a predicate.

A-42

!N%-



* •

3. THE PREDICATE EDITOR

The axioms of a single predicate can be defined and modified using the HORNE
predicate editor, which is entered with the function (edita <predicate name>).
An online help facility is provided with the editor using (CNTRL)-HELP. Once
the editor has been entered, the following commands are available:

<numberl > ... <numbern >

p Print the axioms with numbers.

q (Quit) Complete the edit.

u Undo all changes made to the axioms (i.e., complete restart).

a <number>
Add an axiom at indicated position. You will be prompted for the axiom. If
index is "z" then axiom is added at the end.

r <numberl > ... <numbern >
Delete the indicated axioms. The remainder axioms are renumbered.

e <axiom #>
Enter intra-axiom editor mode. Single axioms may be edited using the
input editor in this mode. On entering this mode you will be prompted for
the number of the axiom to be edited.

m <numberl > ... <number2>
Move axiom number <numberl> to position <number2 >.

C
(for "cancel") Undoes the last change.

h <command>
Online help facility.

<control> <HELP>
Help for Symbolics input editor.

A- 4
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4. TRACING AND DEBUGGING IN HORNE

The HOPNE system provides extensive tracing facilities that operate on the I a
entire proof, or on selected predicates. There are four places where tracing may
occur during the processing of a single goal. These are called the :q, :a, :b, and :r
tracepoints throughout, and are defined as follows:

- The :q tracepoint is the point where the goal is first selected
by the prover,

. the :a tracepoint is the point where a clause is selected in an
attempt to prove the goal;

. the :b tracepoint is the point where the prover resumes after
backtracking (note that the b points are a proper subset of the
a points);

- the :r tracepoint is the point where the goal has been proven
and the prover is "returning" to consider a new goal.

In every trace function you can explicitly specify which tracepoints you want. If
they are not specified, the default is the :q and :r tracepoints.

4.1 Global Tracing Controls

(htraceall)
When called it turns on a trace of HORNE showing every formula that is
about to be proved (i.e., at the q tracepoint), as well as indicating when a
formula has been proved (i.e., at the r tracepoint). It can take the
following optional specifications:

(:at <tracepoint>)

Indicates tracing at the specified tracepoints only, e.g., (htraceall
(at :q :b)) traces all predicates at the query and backtracking
points.

:break
Indicates a break is desired in addition to a trace message. See 4.3
for a description of the break package.

(:using <LUSP function.>)
Indicates that a user-supplied function should be called at the
traceoint rather than printing a message. See Section 4.4 for
details.

These can be combined as you wish. For instance, if you want a break at
backtrackin points, and a trace of query points, use (htraceall break (at
:b)), (htracea 1 (at :q)).

(unhtraceall)
Turns off alltaig
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4.2 Selective Tracing

The user can trace individual goals by identifying which predicate names are to 0 S
be traced. The simple form of this function is described first, then further options
are introduced.

(prace <predspeci > ... '<predspecn >) or
(htraceq <predspec! > ... <predspecn .>)

When <prdapec> is a simple predicate name (e.g., (htraceq P)), this causes !k
tracing at the q and r tracepoints of all goals that have the specified predicate
name as their head. When <predspec> is a list of form (<predname>
<options>*), the user can specify various options as described in Section 4.1.
For example, (htraceq (P (at :q :a))) traces P at the tracepoints :q and :a. a a

(unktrace '<predicate namel > ... '<predicate na men >) or
(unhtraceq <predicate namei > ... <predicate name2 >)

Turns off selective tracing. If no predicates are specified, all selective
tracing is undone.

A similar set of tracing facilities are provided for tracing by the index of clauses
rather than the predicate name in the conclusion. In index tracing, however,
only the a and b tracepoints can be specified.

(Atraceiq <index-specz > ... <indx -pecn>) 0 0
Turns on tracing for the specified index.

An < index-spec > is of the following form:
(<index pattern> <options>*)

An <index pattern> is an expression that may contain HORNE variables. Any
clause with one index that unifies with the pattern is traced. For example,
(htraceiq (<1) (<3)) would cause tracing at all a tracepoints that use a clause
with index "<1" or "<3," and (htraceiq ((<G ?)) ((F ?) :break)) would cause
tracing at all a tracepoints using a clause with an index unifying with (< G ?x), a
and cause a break at all a tracepoints using a clause with an index unifying with
(F?x).
(unhtraceiq <index ... <index>).. ,.

Undoes the above trace commands. If these are called with no arguments, V _0
all index tracing is turned off. 0

The trace messages all involve printing out formulas. To control the I/O
behavior one can set limits on how deep a formula will be printed, as well as the
length. This is controlled by the global variables:

* 0
H$$LENGTH - the length (depth) of formulas to be printed (default is 6).
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4.3 The Break Package and Traces of Proofs

Once a proof is interrupted using a break in the trace package, the programmer
can look around at what is happening, modify the tracing behavior, etc. To
continue the proof, entergo. Some useful functions for debugging are:

(goal) - pints the current formula to be proved.
(top) - prints the current top of the goal stack.
(stack) - prints the current goal stack (see below).
(show-proof-trace) - prints a trace of the proof up to the current point

(see below).
<show-facts) > - prints the axioms that could directly prove the goal.
<(show-clauses) > - prints the clauses that could be used to prove the

goal.

The goal stack contains the current formula being proved at each level of
recursion, plus all the succeeding formulas that need to be proven once the
current formula succeeds. Thus if we had the axioms j

((A) < (B) (C) (D))

((C) < M (F)

and we put a break on the predicate in E (i.e., (htraceq (E break)), in trying to
prove A we would find the following stack at the break point:

0() (F))
((C) (D)).

In other words, we're trying to prove E, after which we will try to prove F. If
both succeed then we will have proven C, and will try to prove D.

Any valid LISP expression can also be evaluated while debugging.

After a proof has been found, one can obtain a full trace of the successful proof a
tree. If multiple proofs are found, a list containing each individual proof is
returned. For efficiency reasons, however, a proof trace is not collected unless
some predicate is being traced.

(proof-trace)
Returns the successful proof tree(s) of the last call to the prover, or, if
called within a proof break, returns the current state of the proof tree. For
formatted printing of the trace, you can call (show-proof-trace).
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41.

The format of the proof tree is (<conclusion > <index > <proof-trace of
subgoals >).

Thus, given the axioms

(A <1 B C)
(B <2D)
(C <3)
(D <4)

if we proved the goal A, the proof tree would be

(A <1 (B <2 (D <4))
(C <3))

4.4 User Defined Trace Functions

Users can define their own tracing functions for use in the HORNE system. All
tracing functions must have the same form: they must be lambda expressions
taking two arguments. The first is set to the type of tracepoint (i.e., either q, a, b,
or r) and the second is the instantiated clause that caused the trace. The default
tracer simply prints this information at tee terminal after some formatting. For
example, we could define our own trace function as follows:

(defun ttt
(tpoint clause)

(terpri)
(print (list tpoint clause)))

Then given the three axioms:
(P ?x) < (Q ?x ?y) (R ?y)
(Q A ?z)
(R B)

and the trace command
(htraceall (using ttt)),

we get the following output during the proofof (P ?d):
(q (P ?d))
(q (Q ?d'yl))
(r (Q A ?yl))
(q (R ?yl))
(r (R B))
(r (P A))
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5. THE HORNE/LISP INTERFACE

So far, we have seen how the various HORNE facilities can be invoked from
within LISP. This section explains how LISP facilities can be used within S

HORNE.

5.1 Assigning LISP Values to HORNE Variables

There is a simple mechanism for binding a HORNE variable to an arbitrary _

LISP value. This is accomplished by using the built-in predicate:

(SETVALUE <variable> <LISP expression>)

This evaluates the <LISP expression > as a LISP program and binds the
result to the HORNE variable specified. If the variable is already bound,
SETVALUE will fail.

(GENVALUE <variable> <LISP expression>) "S

This is the same as SETVALUE except that the LISP expression is
expected to return a list of values. The variable will be bound to the first
value, and if the proof backtracks to this point, to the succeeding values 47
one at a time.

5.2 Predicate Names as LISP Functions

Occasionally it is useful to let a predicate name be a LISP function that gets
called instead of letting HORNE prove the formula as usual. The predicate 0

name "NOTEQ," for example, tests its two arguments for inequality by means of
a LISP function because it would be impractical to have axioms of the form
((NOTEQ X Y)) for every pair of constants X and Y. These special LISP
functions must be macros, or use the &rest argument facility. They receive their
argument list from HORNE with all bound variables replaced by their values.
To declare such a LISP function to HORNE use " l

(declare-lispfnq <namel > ... <fnamen>)

From then on HORNE will recognize those <name>s as LISP functions. LISP
functions should only return "t" or "nil" which will be interpreted as true and a
false respectively. For example, assume we entet 1he following-

(definacro check (&rest x)
(terpri)
(princ "in check, args are:") S
(princ x)

(declare-lispfnq check)
(addzq ((P ?x ?y) < (check ?x ?y)))

Then if we call •

(proveq (P A B))
A-48 ,,
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0 0

the LISP function check is called resulting in the output:
in check, args are: (A B). *0

Since check returns a non nil answer, the LISP call is treated as a success.

Other useful functions for manipulating argument lists within LISP are:

(iavariable '<term.>)

Returns the variable name if <term> is an unbound HORNE variable;
otherwise it returns nil. %; -

: '*- "..'

(uartype '<variable)
Returns the type of the HORNE variable, or nil otherwise. B

(bind '<variable.> '<value>)

Binds the HORNE variable to the value of the LISP expression. If the first
argument is not a HORNE variable, it returns nil. Example: the following
LISP function sets the first HORNE argument to 4 if it is a variable: P .

(defmacro SetTo4 (&rest x) --
(cond ((isvariable (car x))

(bind (car x) (+ 1 3)))))

5.3 Using Lists in HORNE

Since HORNE is embedded in LISP, one can use the LISP list facility directly. In
fact, the HORNE unifier can be thought of both as operating on logical formulas,
and matching arbitrary list structures.

The unifier will handle the dot operator appropriately anywhere except at the
top level of non-varying predicates. Thus the following pairs of terms unify with
the most general unifier shown: .- ,1

(a b c) (a ?x ?y) with m.gu. 9{?x/b,?y/c
(a b c) (a ?x ) with re.gu. . , { ? /c
(a b c) (a. ?x) with m.g.u. ?x/(bcy/_b )
(a b c) (?x . ?y) with m.g.u. ?x/a, 9y/(b c)
(a b c) (a ?x. ?y) with m.g.u. ?x/b, ?y/(c)"
(a b) (a ?x .?y) with gui b ?/nil-(a) (a ?x .?y) does notul . - I

(a b) (?x) does not unit. (?x) only matches lists of length 1.

List unification is also allowed with varying arity predicates, although the
predicate name position cannot contain a variable. Consider the definition of the
predicate or* that is true if any of its arguments is true:

(declare-varyingq or*)
((or* ?x. ?y) < ?x) or* is true if the first argument is true
((or* ?x. ?y) <(or*. ?y)) or* is true if or* of all but the first

argument is true
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Thus the call with no arguments, (or*), always fails and each of (or* (A)),
(or* (B) (A)), and (or* (B) (A) (C)) succeeds if (A) is provable.

5.4 Manipulating Answers from HORNE -.

Once a proof succeeds, these commands can manipulate the answer returned.

(get-binding '<varname >)
Returns the binding for the named variable. For example, (getbinding ?x)
will return the binding for ?x in the last proof. If multiple solutions were
found in the last proof, a list of bindings is returned.

(get-answer)
Returns the answer found in the last query. If multiple answers are found,
a list of answers is returned.

% %,
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6. SAVING AND RESTORING PROGRAMS

These commands allow the user to partially or entirely save his HORNE
program and to restore it at a later time.

(get -axioms '<filename >) and (get-axiomsq <filename >)
Retrieves the axioms and LISP predicates that have been saved in
<filename> by one of the save functions below. The names of the
predicates defined by this retrieval are put in a list named (concat
<filename> 'fns). Thus (get-axioms xzx) reads in the predicates in file
xxx, and sets the variable xxxfns to the names of the predicates that were
restored from xxx.,S - ...- "&

(save-predicates '<filename > '<list ofprednames >)

Saves the axioms and comments for the predicates given in the specified
file. LISP predicates declared to HORNE may also be saved. The output
is in a pretty format (with "?" for variables). Hashtable info is saved so
they can be reconstructed when retrieved.

(save-horne '<filename>) .

Does a save-predicates on all the predicates known to the system.

(save-indices '<filename > '<list of indices>)
Saves all axioms with one of the specified indices on the specified file. The
output is in pretty format, but no comments are saved. No hashtable info 0 _

is saved.

(dump-predicates '<flename> '<list ofprednames>)
This saves the definitions of the predicates specified in the file in an
internal format. Thus reading in the file is considerably faster, but the
file is not for human consumption. If the second argument is omitted, all
the known predicates are dumped. Dump-predicates always saves all the %
type information even if only a subset of the defined predicates are
dumped. Dumped files are compilable by the LISP compiler, whose output
can then be loaded into HORNE.

(dump-horne '<filename>)

Dumps entire database of axioms into the specified file.

, ,A-51

YID

op P %I



7. TYPED THEOREM PROVING

The type of a variable is indicated by appending a suffix to the variable
indicating its type. Thus WxCAT names a variable ?x that is of type CAT. The
variable ?x*CAT will unify only with terms that are compatible with the type
CAT. The internal format for typed variables is the list (* # <name >. <type >)
asin(* 3 ?x. CAT).

Types should be viewed as sets, and no restrictions are assumed as to whether
sets are disjoint, mutually exlusive, or wholly contained by each other. This
information is specified by the user with assertions of the forms:

(ITYPE <individual> <typename>)"
Asserts that the individual is of the indicated type, e.g., (TYPE A CAT)
asserts that the constant A is of type CAT.

(ISUBTYPE <subtype> <supertype>)
Asserts that the first type is a subclass of the second type, e.g.,
(SUBTYPE CAT ANIMAL) asserts that CAT is a subclass of ANIMAL.

(DISJOINT <typel > <type2 > ... <type n >)
Asserts that all the types mentioned are pairwise disjoint.

(INTERSECTION <newtype> <typel > <type2 >)
Asserts that the intersection oftypel and type2 is newtype.

(XSUBTYPE ( <typel > <type2 > ... <type n>) <super-type >)
Asserts that typel ... type n is a partition of super-type, i.e., they are all
subtypes of super-type, that type1 ... type n are pairwise disjoint, and that
the union oftypel ... type n is equivalent to super-type.

7.1 Adding TYPE Axioms ..

These statements are added to HORNE in the form of axioms by using the
regular axiom addition functions adda, addz, axioms, etc. However, two things
occur when axioms of these forms are added:

1) The relation between the types named and its implications are added
to a matrix which stores the known set relationship between all the
types known to the system. Of course what is implied by any statement
depends on what is already in the matrix.

2) The statement is added to the axiom list so they can be printed out and
edited as normal axioms. " *"

The system that adds a TYPE axiom and its implications to the matrix first '-

checks that the statement is consistent. If the statement contains an
inconsistency, an error message is printed and no information is added to the
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matrix. For example, if one adds (DISJOINT cats dogs) and then adds -
(SUBTYPE dogs cats), an error message will be given and information in the
second axiom will not be added to the matrix.

In order for the matrix system to derive all implied information, ITYPE axioms
should be added after SUBTYPE, XSUBTYPE, DISJOINT, and
INTERSECTION axioms. Adding an ITYPE axiom may add or delete other
ITYPE axioms implied by the axiom. (In fact, sometimes the axiom that was
written might not even be added.) Because of this and the nature of axiom
addition, axioms for the predicate ITYPE are always added at the end of the
axiom list for ITYPE (e.g., as with using addz). This restriction has no effect on
the proof procedure, for the order of the atomic 1TYPE axioms is irrelevant.
Edita can be used to reorder the axioms for documentation purposes.

Type restrictions on the arguments to a function term, and on the type of the 0 6
function term itself, are declared using the form:

(declare-fn-type '<fh.name > r <typel > ... <typen>) '<typename>)
(declare-fn-typeq <fn-name> (<typel > ... <typen>) <typename>)

Asserts that < fn-name > is the name of a function that takes arguments
of the types <typel>,...,<typen> and describes objects of type
<typename >. For example, (declare-fn-type ADD (NUMBER NUMBER)
NUMBER) declares a two-place function ADD, with both arguments of
type NUMBER, and which produces an object of type NUMBER.

Single place functions may have multiple declarations subject to strict
conditions outlined below:

1) the first declaration is the most general in its argument place and its
value;

2) all subsequent declarations define a proper subset of the first
definition in both the argument type and the value type;

3) the type of the argument is the most general type that produces values
of the specified value type.

Examples and further discussion are found in the system overview, Section 3.2.

Declare-fhn-type returns one of three values to indicate the status of the call:

t - a new definition of a type (or exact repeat of a previous
definition)

:compatible -- an additional definition to a single argument function that
is compatible with all previous definitions

nil-- improper form of definition or a definition inconsistent
with previous definitions -

(delete-fn"-definition <function name>)
Removes all previous definitions for the function.
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7.2 Deleting TYPE Axioms

In order to delete an axiom about types, one can use one of the HORNE deletion S
functions (retracta, retractz, edita, retractall, etc.). However, at this point, the
prover is disabled. This is because the axiom lists are correct but the matrix has
not been changed. In order to restore the matrix and enable the prover to run,
use the function:

(recompile-matrix)
Recompiles all the type axioms in the system.

This is an expensive process and should be avoided if possible.

7.3 LISP Interface to Type System

There is a set of LISP functions to access and use the type system independently
of HORNE. The most important function returns the type of an arbitrary
HORNE term:

(get-type-object '<term >)
Given any HORNE term, this function returns the most specific type of
that term. If the term contains one or more variables, it returns the most
specific type that includes every instantiation of the term.

(issub '<typel > '<type2 >)
Takes any two types and returns t if the types are identical, or if
<typel > is a proper subtype of < type2 >.

There are functions for inspecting the definitions of function terms (in addition
to get-type-object above).

(see-function-definition '<function name >)
Returns the complete type table for the specified function. For single
argument function, this may be a tree of the form

(< function type > (< arg type list >) < subtree >*).
For example, the function SPOUSE might have the definition

(PERSON (PERSON) (FEMALE (MALE)) (MALE (FEMALE)))
i.e., SPOUSE of a PERSON is of type PERSON, and SPOUSE of MALE is
of type FEMALE, and SPOUSE of FEMALE is of type MALE.

(defined-functions) .

Returns a list of all function names that have been declared.

One can examine the TYPE axioms added to the system by using the HORNE 0

functions printp, printi, etc., but these functions will only show you the base
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facts and not all the inferences the system has made. The following functions
allow examination of what is in the matrix.

(matrix-relation '<typel > '<type2 >)
Returns the information that is stored in the matrix for the relationship
between the two types.

(type-info '<type>)
Returns a list giving the relationship between the given type and every
other type in the system, of the form: ((type rel typel)(type2 rel type) ...)
The type you are querying can be in either the first or second slot.

The following are the possible relationships between types:

1) "sb" - a subset relation holds between the two types.
2) "ss" -- a superset relation holds.
3) "o" -- the types intersect but the overlap is not named.
4) "(ip (ist))" or "(p (list))" - a superset partition relationship

holds; the list contains all the partitioning sets of the 0
superset.

5) a list of length 1 - the item on the list is the name of the
intersection of the given types.

(types)
Returns a list of all types known in the system.

* S
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7.4 Typ Compatibility and an Example

Using the axioms above, HORNE can compute the compatibility of two terms
efficiently. Types are compatible if one is a subtype of the other or if they
overlap. Overlaps occur in two ways: named or unnamed. A named overlap
results from an INTERSECTION axiom; an unnanmed overlap can be implied
from either TYPE axioms or a named overlap. The unification of two typed
variables may result in a variable of a complex type of the form (int typel type2)
indicating the intersection of the two types. This new type is recognized in the
proof as a new type. For example, suppose we have the axioms:

(ISUBTYPE cars anything)
(ISUBTYPE person anything)
(ISUBTYPE ford cars)
(ISUBTYPE smallcars cars) 6

(ISUBTYPE student person)
(ISUBTYPE worker person)
(TYPEjohn worker)
(iTYPE john student) ; note this implies that the types worker and
(INTERSECTION pintos ford smallcars) student overlap
((want ?x*person ?g*ford) <(fuel-efficient?g*ford)

(wealthy ?x*person))
((fuel-efficient ?fPsmallcars) <)
((wealthy ?d'worker) <)

We could then query (want ?f'student ?d*ford) and we would get (want ?r*(int
student worker) ?u*pintos), pintos being a named overlap while the intersection !
of the types student and worker is derived by the prover.

7.5 Tracing Typechecking ,'

In order to trace the typechecking functions, call the function (trace-
typechecking). The prover will break during typechecking if this function is
called with the form (trace-typechecking break). In order to stop tracing, call (

(untrace-typechecking).

S
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7.6 Assumption Mode %

The default mode for HORNE is to assume that two types whose relationship is
not known are not compatible. This can be overridden by the command (type-
assumption-mode), in which all unknown relationships are assumed to be
unnamed intersections. Alternatively, the mode (type-query-mode) will query
the user each time two types are found for which there is no known relationship.
The function (normal-type-mode) returns the system to default mode.

In assumption mode, the format of answers is ,.

((<answer> <type assumptions>)).

For example, given (Q ?x*CAT) and proving (Q ?x*DOG) in assumption mode
where no relationship is known between the types CAT and DOG, we get:

(((Q ?x*(int CAT DOG))) ((nt CAT DOG)))

Note that if you obtain multiple answers in this mode, the list of assumptions for
each answer may refer to assumptions needed for other answers as well. -

7.7 Defining a Custom Typechecker

If users wish to design their own type checking facility, the interface between
the unifier and the type checking system consists of two LISP functions that can
be rewritten. These are: %

(typecheck <term> <type>)
Returns t if and only if the term is of the appropriate type (or a subtype);

(typecompat <typel.> <type2.>) >)
Returns the more specific type. For example,

(typecompat GIRL PEOPLE) returns GIRL,
(typecompat GIRL BOY) returns nil.

* .0
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8. EXTENSIONS TO THE UNIFICATION ALGORITHM

The unifier in HORNE has been augmented to allow two types of special .
unification dealing with equality and restricted variables.
S.1 Equality

The unification algorithm of HORNE has been modified so that when terms do
not unify they can be matched by proving that the terms are equal. Any
variables in the terms matched will be bound as needed to establish the
equality. Equality statements are added to the system by using the axiom EQ.
(Note that EQ is of arity 2.) For example:

((EQ (president USA) Ronald-Reagan) <) •
expresses a fact that is well known to most Americans. The axiom

(EQ (add-zero 1) 1) <)

expresses an infinite class of equalities. For example, (add-zero (add-zero 1))
equals 1, as does (add-zero (add-zero (add-zero 1))), and so on.
The system provides, in an efficient manner, complete reasoning about fully

grounded terms (i.e., terms that contain no variables), and supports partial
reasoning about equality assertions containing variables. The current system
will allow variables in queries (which may be bound to establish equalities), but
variables in equality assertions are restricted in their use. In particular, there is
no transitivity reasoning for terms containing variables; e.g., given

(EQ (f?x) ?x)
(EQ (G ?y) (f?y))

we can prove (EQ (f A) A), (EQ (f?z) ?z), and (EQ (G (f?t)) (f?t)), but cannot prove
(EQ (G A) A), even though it is a logical consequence of the two axioms above. .7,

The information derived from the EQ axioms that are asserted is stored on a pre-
computed table which is updated as EQ axioms are added and deleted. •

There are two LISP functions for examining the equality assertions:

(equivclass '<ground term >)
Returns a list of all ground terms equal to the <ground term>. '- - "

(equivclass-u '<term >)

Returns a list of all terms that could be equal to the term followed by
variable binding information. ..X
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8.2 The Post-Constraint Mechanism

HORNE allows the user to specify that the proof of an atomic formula be delayed
until the terms in it are completely bound. The user does this by enclosing the
atomic formula within the lispfn POST, as in the axiom: .' -

((F ?x) < (POST (MEMBER ?z (a very very long list))) (G ?W)).

POST takes an atomic formula as an argument. If the formula is grounded then -
the proof proceeds as usual. Otherwise the variables in the formula are bound to
a function which restricts its value and the proof proceeds as though the proof of
the formula succeeded.

Restrictions on variables are implemented by binding the variable to a special
form

(any ?newvar (constraint ?newvar)).

Thus, give the above axiom, if we queried (F ?s), the POST mechanism would
bind ?s to

(any ?sOOO1 (MEMBER ?sOO01 (a very very long list))). -.

This use of a special form any is similar to the omega form used in Kornfeld
(1983).

The HORNE unifier has been modified so that it knows about any. A term of
form (any ?x (R ?x)) will unify with any term that satisfies the constraint (R ?x).
Again using the above axiom: after the POST succeeds, the proof continues with
the subgoal

(G (any ?sOOO1 (MEMBER ?sOO01 (a very ....

Now suppose that (G e) is true. Then we can unify these two literals if we can
p rove

(MEMBER e (a very very long list)).

Note that the constraint will be queried only once its variable is bound. Thus if
(G ?c) were true above, the unification would succeed and ;

(F (any ?sOO01 (MEMBER ?sOO01 (a very long list))))

would be returned as the result of the proof. If (G (fn ?c)) were true instead, a " '"
recursive proof testing whether (MEMBER (fn ?c) (a very very long list)) would
be done and, if successful, the final result of the proof would be

(F (fn (any ?z (MEMBER (fn ?z) (a very very long list)))). S S

A-59

.i -A -,-, .,
Jill 'r.&



I 0

During normal tracing, any subproofs due to the post constraint mechanism are
not traced. If tracing is desired for these proofs, call (htrace-post-proof). To set it
back to the default of no tracing, call (unhtrace-post-proof).

8.3 Interaction Between Systems

The equality system and the POST mechanism use each other as can be shown
by the following example.

(EQ (child-of Adam) Abel) '.
(EQ (child-of Eve) Abel)

Then we can unify (child-of?x) with Abel, resulting in ?x being bound to

(any ?zOOO (MEMBER ?xOO01 (Adam, Eve))).

Thus we have restricted the values that ?x can take on to Adam or Eve. It should
be noted that MEMBER must take equality into account; that is, in the example,
'the any term should unify with the term (First-man) given (EQ (First-man
Adam)).

i

4,.

.5
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9. THE FORWARD CHAINING FACILITY

The prover has a forward production system in which the addition of new axioms . >

adds new facts that are implied by the existing axioms. The general form of
forward axioms are as follows:

((trigger) (list of conclusions) index (list of conditions)).

After a HORNE axiom is added to the database it is checked to see if it matches
any trigger pattern. A trigger must be an atomic formula, but cannot be a LISP
predicate. If it matches, then using the binding list of the match the system tries
to show that the conditions associated with the trigger are in the database. Note
that the system does not try to prove the conditions (unless specified), but simply
checks that they are in the database. If all the conditions can be shown to be in
the database then each of the conclusions in the conclusion list is added to the
HORNE axiom list using the bindings collected in the process. LISP predicates
can be used in the conditions and in the conclusions, where they are called as in
the backwards chaining system. The value returned by a LISP predicate in the No
conclusion list is ignored. In adding a conclusion another trigger may be fired.
To prevent infinite looping the forward chaining system will not add axioms
that are already in the database.

9.1 Defining Forward Production Axioms

(addf '<atomic formula > r <atomic formula > ...) '<index>
t <atomic formula.> ...))

(addfq <atomic formula > ( <atomic formula.> ...) <index.>
( <atomic formula > ...))€

Adds the forward production axiom to the end of the data base, e.g.,
adding the following

(addf '(e ?d) '((w ?d)) 'r '((r ?d))))
(addaq ((r d) s))
(addaq ((e ?f)j))

will result in the axiom ((w d) r) being added to the database.

9.1.1 Options to addf and addfq

(addf :all t <atomic formula.> ...) '<index > t <atomic formula > ...)"
(addfq :all ( <atomic formula) ...) <index > (<atomic formula >...))

Using the atom "all" for the trigger adds a separate forward-chaining
axiom for each of the atomic formulas in the condition list with that
condition as the trigger. Thus each of the conditions is a trigger, e.g.,

(addf :all '((eq ?y ?z))'< 1 '((eq ?y ?x) (eq ?x ?z)))

adds the following forward chaining axioms to the system:1. (eq ?y ?x) ((eq ?y ?z)) < 1 ((eq ?y M) (eq x ?z)) NO$.
2. (eq ?y ?z) ((eq ?y ?z)) <1 ((eq ?y ?x) (eq ?x ?z))
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Given these, the following addition:

(addaq ((eq w e) 1) N.%
(addaq ((eq r w) 1)

causes the axiom ((eq r e) < 1) to be added to the system.

(addf '<atomic formula > f <atomic formula > ...) '<index> D) ,

(addfq <datomic formula > (<atomic formula > ...) <index> 0)
Using"()" for.the conditions list makes it such that whenever the axiom is

triggered it will assert its conclusions.
(addf <atomic formula > r <atomnic formula > ...) ' <inde> ,, .r <tmcformula>)... )
(addfq <atomic formula > (r<atomic formula > ....) '<index >

(<atomic formula >) ...) I

This option allows a lispfn to occupy the position of the predicate name in
any of the conditions. The lispfn succeeds if it returns a non nil value.

(addf '<atomic formula > r <atomic formula > ...) '<index >
((:prove <atomic formula>) ...) )

(addfq <atomic formula > (<atomic formula > ...) <index >
((:prove <atomic formula>)...) ) % -

The prove option allows any of the conditions to call the theorem prover to 4 v

prove the condition. (Note that normally conditions are not proved but
just shown to be in the data base). The condition is true if the atomic
formula can proved by the theorem prover. Any variables bound in the
proof will be passed on to the next condition.

(retract-forward Torm) and (retract-forwardq form)

These delete the forward-chaining axioms specified by the given form,
which is either a pattern or a predicate name. If the form is a predicate
name, all forward-chaining axioms that have the given predicate name as
their trigger name are deleted. Otherwise all forward-chaining axioms
whose trigger unifies with the given pattern are deleted. Note that if the
form is a pattern the car of the pattern must be an atom.

* The system does not perform truth maintenance; i.e., axioms entered into the
data base due to a forward-chaining axiom are not removed when the axiom is
removed.

9.2 Examining Forward Production Axioms

(printf orm) and (printfq form)

These functions pretty print all axioms whose triggers are specified by the
form argument, which can be either a predicate name or a pattern. If it is
a predicate name, all forward-chaining axioms with the given trigger .,

name will be printed. Otherwise all forward-chaining axioms whose
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trigger matches with the given pattern will be pretty printed. Note that if
the form is a pattern the car of the pattern must be an atom.

(printe form) and (printcq form)
These functions pretty print all axioms whose conclusions are specified in
the form argument. The form argument can be either a predicate name or
a pattern. If it is a predicate name then all forward-chaining axioms that
have as a member of thier conlusion list an atomic formula with the given
predicate name will be pretty printed. Otherwise all forward-chaining
axioms who have a member of their conclusion list that unifies with the
given pattern will be pretty printed.

(triggers)

Returns a list of all the predicate names which are trigger names for
forward-chaining axioms.

9.3 Tracing Forward Chaining

Because the forward-chaining mechanism is defined in HORNE, the standard
tracing functions (e.g., htraceall) are useable for debugging forward-chaining
axioms. In addition, the following trace facilities are provided.

(trace-assertions)

This causes the system to print out all axioms that are asserted by the
forward chaining system. The system default is that this tracing is on.

(untrace -assertions)%
Stops the tracing of assertions made by the forward chaining system. Z

(trace-forward)

Causes the system to print out the trigger and rule of any forward- %
chaining axiom that has been triggered.

(uhtrace-forward) % %

Undoes the effects of"trace-forward." a

9.4 1/0

I/0 for forward production rules are handled by the I/0 functions documented in
Section 6 (Saving and Restoring Programs). An exception is the function "save-
indices," which cannot be used to save forward chaining rules. * _

9.5 Editing Forward Chaining Axioms

(editf '<predicate name >)
The above call will get you into an interactive editor for forward-chaining
axioms. The actual editor is the same as the regular axiom editor
described in Section 3.
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9.6 Examples

The first example shows the use of forward chaining for a simple equality •
system. The rules capture the transitivity and symmetric properties of equality. - *-*'

The rules are:
(addf :all '((MYEQ. '?z))' ((MYEQ y?x)(MYEQ?x ?z)))
(addf'(MYEQ ?s ?d) Q?d?s)) 'p'0

If we now add

(addaq ((MYEQ w e) k))

the following axioms are also asserted by the system: ((MYEQ e w) p)
((MYEQ ww) p)
((MYEQ e e) p)

If we now add

(addaq ((MYEQ r e) k)) .'.

then the following are also asserted: ((MYEQ e r) p)
((MYEQ r w) p)
((YEQ w r) p)

The second example involves forward chaining rules that are used to maintain
consistency in a data base for a simple blocks world. Here the chaining rules call 0
LISP functions to delete axioms.

- (add"'(Pickup ?d) V(holding ?d) ! ,
(dfpikp?)(RETRACT (ontable ?d))

(RETRACT (clear ?d))
(RETRACT (handempty)))

'index

'((ontable ?d)
(clear ?d)
(handempty)))

(addaq ((ontable block1) k)
((clear blockl) k)
((handempty) k))

If we now add

(addaq ((pickup blocki) k)

then the axiom ((holding block l) index) becomes true and the predicates
(ontable blockl) (clear blockl) and (handempty) are deleted from the data base.
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10. BUILT-IN PREDICATES

This section documents the built-in predicates that are already defined in
HORNE.

(ASSERT-AXIOMS <list ofaxioms>)
Adds the specified axioms to the data base at the end of the axiom list for ' o
the specified predicate. Thus, this performs a similar function to adds but
is callable from HORNE and returns t. All logic variables in the new
axioms that are bound in the current environment will be replaced by
their values before the new axioms are added.

(ATOM? <term>)
Succeeds if <term > is an atom. 6

(BOUND ?x)
Succeeds only if ?x is not a variable. It tucceeds on any other non-
grounded term. For example, (bound (f ?x)) succeeds. Equivalent to but
faster than (UNLESS (VAR x)).

(DISTINCT <terml > <term2 >) r
Succeeds if both terms are fully grounded, but to different atoms. If a term
is not fully grounded, this posts a constraint on the variable(s) and
succeeds.

(EQ <termz> <'term2>) %
Succeeds if < term > equals < term2 > (i.e., they unify) (see Section 8.1).

(FAIL) 
A d

This predicate is always false. ,

(FIND-FACTS <atomic formula>)
Same as the LISP function find-facts in Section 2.2.

(GENVALUE <variable> <LISP expression>)
Sets the HORNE variable <variable> to first value in list returned by
evaluating the <LISP expression>. Other values are used for
backtracking (see Section 5.1).

(GROUND <terml >)
Succeeds if termo is a fully grounded term, i.e., it contains no variables.

(IDENTICAL <terml > <term2 >)

Succeeds if <termi > and <term2> are structurally identical, i.e., if
they unify without assignment of variable,- :)r the equality mechanism.
For example, (IDENTICAL A A) succeeds, and (IDENTICAL A ?x) fails.
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(MEMBER <terml > <list>)

Succeeds if <term; > is equal (i.e., HORNE equality) to a term in the list.
I S

(NOTEQ <termi > <term2 >)
Succeeds if both <term> and <term2> are fully grounded, but to
different values. Otherwise it fails. ,

(RETRACT <term,>)
Retracts all axioms whose head unifies with < term >.

(RPRINT <terml> ... <termS >) r
The values of < terror > through < termn > are printed on successive
Uines. •

(RTERPRI) 0 KP

Prints a line feed.

(SE7"VALUE <variable> <LISP expression>) •

Sets the HORNE variable <variable> to the value of the LISP
expression <LISP expression>. Any logic variables in <LISP
expression > are replaced by their logic bindings before LISP evaluation
(see Section 5.1). """"

(UNLESS <atomic formula >) L .:

Succeeds only if the call (proveq <atomic formula>) fails. This gives us -" %r-'.
proof by failure. Note that variables change in interpretation in the

NLESS function, e.g., if we are given the fact that (P A) is true, then
(UNLESS (P B) I' will succeed, •

(UNLESS (P A)) will fail as expected. -
But (UNLESS (P ?x)) also fails, since (P ?x) can be proven." -

(VAR <variable >)
Succeeds only if <variable > is an unbound variable.

CUT 1

The cut symbol. It has no effect until HORNE tries to backtrack past it,
and then the prover immediately fails on the subproblem it was working
on. An alternate definition: cut always succeeds, and when executed, ' - -"

removes all choice points in the proof from the point at which the
predicate which appears in the head of the axiom containing the cut was
selected to the current point of the proof.
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11. HASHING

A hashtable can be declared for a predicate name whether it currently has s
axioms asserted for it, or will have axioms asserted later. It can also be used to
redefine an already existing hashtable for the predicate. The hashtable allows
the axioms for a predicate to be stored according to the values of the arguments
to the predicate. They can currently only be used on argument positions that do
not allow equality reasoning. For example, consider a one-place predicate P with
hashing on its argument into three buckets. If we have asserted the facts (P A),
(P B), (P C), (P D), (P (f A)) and (P (g ?x)), the hashed structure might look like
the following (ignoring efficiency encodings):

bucket 1 -o (P A) 4.
bucket 2 --'(P B), (P D)

P bucket 3 - (P C)
function bucket-- (P (f A)), (P (g ?x))
variable bucket (P A), (P B), (P C), (P D), (P (f A)), (P (g ?x))

Now if we query (P A), we would hash on A to bucket 1 and just unify (P A) with
those axioms there, i.e., only (P A). Similarly, for (P E), if hashing on E gives •
bucket 3, then (P E) would be unified only with (P C). Any complex argument, :.'
such as (P (g B)), will be checked against the special function bucket, i.e., (P (f A))
and (P (g ?x)). Finally, any query with a variable, e.g., (P ?y), will be matched
against the variable bucket which contains the complete axiom list.

As one can see, if equalities were allowed on terms in the argument position,
this structure might fail. For example, given B = F, if we query (P F), and
hashing on F gives bucket 1, then (P F) will be checked only against (P A) and
would fail.

Hash tables are defined as follows:
(define-hashtable <predicate name.>)

For forward chaining axioms, the trigger can be hashed using the function -

(define-hashed-trigger <predicate name>). S

For both of these uses, the system then prompts for paths through a formula to '

where the hashing should take place, and for the size of the buckets for each
hash. The simple options for paths are as follows:

<number>
Hash on nth argument to predicate.

(i <number>)
Hash on first atom found by successively taking CARs on the nth
argument to predicate. A6
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Arbitrary paths may be built by specifying a sequence of CARs and CDRs
starting from the predicate name. Thus the path (CAR CDR) is equivalent to the
first argument. The path (CAR) would give the predicate name. The only other S
possibility in a path is to specify an arbitrary number of CARs, specified as
CAR* in the path. Thus entering (CAR* CDR CDR) is equivalent to (i 2).

The mlinimum number of buckets in a hashtable is 3: one for variables, one for
lists (i.e., functions), and one for atoms. The number of buckets for atoms is the
only size under programmer control. Thus, entering a 5 when prompted will
produce 5 buckets for atoms.

A sample session that hashes a predicate MYPRED on the form of its second
argument (into 10 buckets), and on some other arbitrary position in the third
argument (into five buckets) follows: S

-. (define-hashtable MYPRED)
Enter path spec: 2
Hashtable size? ("q" to respecify path) 10
Enter path spec: (CAR* CAR CDR CAR CDR CDR)
Haslitable size? ("q" to respecify path) 5
Enter path spec: q
Hashtable defined.

The hashing facility can be set up directly from a LISP function, without the
user interaction, using the following functions: S

(H-setup-hashtable <name> <path.> <#buckets> <size>)
where <name> is the predicate name to hash on, <path> specifies the
argument to hash on, <#buckets> is the number of buckets to use, and
<size > is the expected number of entries to be made for the predicate.

(H-setup-hashed-trigger <name> <path> <#buckets> <size>)
Defined the same as H-setup-hashtable except that it is used for the
forward chaining axioms.

% .%
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12. CONTROLS ON HORNE

The following global vari'ables affect the behavior of HORNE:

H$$LIMIT
The number of steps HORNE can take before asking the user whether it
should continue. Default value is 500. To continue, simply enter y, to
terminate enter n. You can enter debug mode by entering d, after which
typing go gets you back to the question whether to continue.

L~%%

H$$PAR TITION$CHK
The mechanism that adds information to the TYPE matrix does extensive
consistency checking involving XSUBTYPEs. If no XSUBTYPE axioms
are present the consistency testing is wasted. If this flag is set to nil then
the testing is turned off. Default value is "t".

The following functions also control the behavior of HORNE:

(warnings)
Enables the printing of warning messages at the user's terminal. By 0
default, warning messages are printed. ,

(nowarnings)
Disables the printing of warning messages. By default, warning messages
are printed.

n* 0

% %
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13. EXAMPLES

13.1 A Simple Example

The following is a simple session with HORNE:

*(addzq ((HAPPY ?person ?item) <
(DESIRABLE ?item)
(CAN-AFFORD ?person ?item))

;you can afford items ifyou have money
((AN-AFFORD ?1person ?item) <

(HAS-MONEY ?person))
;but love is for free

((AN-AFFORD ?Person Sweetheart) <)
((DESIRABLE Newsuit) <)
((DESIRABLE Caviar) <)
((DESIRABLE Sweetheart) <)
((HAS-MONEY Sam)))

*(htraceall)__
;prove JOHN can be happy even if he has no money
*(proveq (HAPPY JOHN ?why))

(q- 1) (HAPPY JOHN ?why)
(q-2) (DESIRABLE ?why) .0(r-2) (DESIRABLE Newsuit) g

(q-2) (CAN-AFFORD JOHN Newsuit)
(q-3) (HAS-MONEY JOHN)
;note, backtracking to (q-2) (DESIRABLE ?why)

(r-2) (DESIRABLE Caviar)
(q-2) (CAN-AFFORD JOHN Caviar)

(q-3) (HAS-MONEY JOHN)
backtracking again to (q -2) (DESIRABLE ?why)

(r-2) (DESIRABLE Sweetheart)
(q-2)(CAN-AFFORD JOHN Sweetheart)
(r-2) (CAN-AFFORD JOHN Sweetheart)-

(r-1) (HAPPY JOHN Sweetheart)
;end of trace, the value returned is:
((HAPPY JOHN Sweetheart))
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13.2 The Same Example with Posting

*(addzq ((HAPPY ?Person ?item) <~* 1~

(POST (DESIRABLE ?item))
(CAN-AFFORD9?person ?item))

((AN-AFFORD ?person ?iem) <
(HAS-MONEY ?person)).-

((AN-AFFORD ?person Sweetheart))
((DESIRABLE Newsuit) <)
((DESIRABLE Caviar) <)
((DESIRABLE Sweetheart) <)
((HAS-MONEY Sam)))

*(htraceall) S

*(proveq (HAPPY JOHN ?why))

(q-1) (HAPPY JOHN ?why)
(q-2) (POST (DESIRABLE ?why))
(r-2) (POST (DESIRABLE (any ?why6 ((DESIRABLE ?why6)))))
(q-2) (CAN-AFFORD JOHN (any ?why6 ((DESIRABLE ?why6)))))

(q-3) (HAS-MONEY JOHN)
in trying the second axiom for CAN-AFFORD, we must

prove (DESIRABLE Sweetheart) to unify Sweetheart
with (any ?w/iy6 ... )

(r-2) (CAN-AFFORD JOHN Sweetheart)
(r-1) (HAPPY JOHN Sweetheart)
((HAPPY JOHN Sweetheart))

The only difference between this proof and the proof in 13.1 is when the ~ ~
predicate DESIRAB3LE is proved. In the first, we would backtrack through all
values until one was found that succeeded. In the second, the rest of the proof is V
done first, and then when a value for ?why is found, it is checked to see if we can
prove it is DESIRABLE.

AS.V
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13.3 An Example Using Types

This example uses a type hierarchy with two types, PROFESSOR and
MUSICIAN, that intersect with the subtype MUSICAL-PROFESSOR.

; The type hierarchy

(addzq ((SUBTYPE PROFESSOR PEOPLE))
((ISUBTYPE MUSICIAN PEOPLE))
((INTERSECTION MUSICAL-PROFESSOR

PROFESSOR
MUSICIAN)))

; The axioms:

all professors teach, and all musicians sing
someone is happy if they teach and sing

(addzq ((TEACH ?p*PROFESSOR))
((SING ?m*MUSICIAN))
((HAPPY ?p) < (TEACH ?p) (SING ?p)))

; Here we could add hundreds of professors and musicians, and a few musical-
professors. 1%

(addzq ((ITYPE JACK MUSICAL-PROFESSOR)))

Now we can prove the following:

Is Jack Happy? yes.

(proveq (HAPPY JACK)).P •

(q-1) (HAPPY JACK)
(q-2) (TEACH JACK) ,,.
(r-2) (TEACH JACK)
(q-2) (SING JACK) •
(r-2) (SING JACK)

(r-1) (HAPPY JACK)

Who is happy? All musical professors.

(q-1) (HAPPY?x) .
(q-2) (TEACH ?x)
(r-2) (TEACH ?y'PROFESSOR)
(q-2) (SING ?y*PROFESSOR) %r-e % .

(r-2) (SING ?z*MUSICAL-PROFESSOR)
(r-1) (HAPPY ?z*MUSICAL-PROFESSOR)

((HAPPY ?z*MUSICAL-PROFESSOR))
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14. THE REP SYSTEM

The REP system supports reasoning about structured types (see Section 3.4 of
the introduction). The following naming conventions, while not necessary, are
used to distinguish the different kinds of objects:

T- a type name

R-... - a rolename

f-... - the function named by a rolename

c- a constructor function

To define a subtype with roles, there are two options, depending on whether the
objects of the new type are fully determined by the set of roles defined. Both of
these enforce the restriction that the new type must be a subtype of an existing
type. A type T-U is predefined as the root of the type hierarchy. The following
sections describe how to define roles on the type hierarchy and how to retrieve
role information about objects.

14.1 Defining Roles in the Type Hierarchy L -

(define-subtype '<type > <supertype > r <rolename type >)*)
(define-subtypeq <type> <'aupertype.>(<rolename type >)*)

Defines <type> as a subtype of <supertype > and defines the indicated
type restricted roles for the new type. In addition, <type.> inherits any
roles from <supertype>. An inherited role may be redefined only if its
new type restriction is a subtype of the inherited type restriction, e.g.,

(define-subtype "r-ACTION T-U '(R-ACTOR T-ANIM))%
defines T-ACTION to be a subtype of T-U, with a role R-ACTOR defined
and restricted to be of type T-ANIM. This is roughly equivalent to adding:

(ISUBTYPE T-ACTION T-U)

and defining f-actor by
(declare-fn-typeq f-actor (T-ACTION) T-ANIM)

In addition, define-subtype sets up some internal data structures to
maintain the role inheritance in an efficient manner. • :

(define-functional-subtype '<type > '<supertype > r <rolename type >)*) -. ...
(define-functional-subtypeq <type> <supertype > ( <rolename type >)*)

This defines <type. > in the same manner as the define-subtype function,
but in addition defines a constructor function for the type. Thus, given the
definition ofT-ACTION above,

(define-functional-subtype "T-EAT r-ACTION '(R-OBJ T-FOOD))

would define T-EAT to be a subtype of T-ACTION with ro'es R-OBJ and
R-ACTOR (inherited), and would define the function f-obj for the R-OBJ
role and a constructor function c-eat. This is roughly equivalent to NP
adding:

(FUNCTIONAL T-EAT)
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(ISUBTYPE T-EAT T-ACTION)i;
where the functions are defined by :"

(declare-fn-typeq f-obj (T-EAT) T-FOOD)
(declare-fn-typeq c-eat (T-FOOD T-ANIM) T-EAT)

The definition of f-actor for T-ACTION will apply as needed to instances of T-
EAT.

The REP system provides a convenient abbreviated form for defining instances
of structured types. ':

(define instance '<instance > '<type > r <rolename value )*)r
(define-instanceq <instance.> <type > (<rolename value ))*)

This defines <instance> to be an 1TYPE of <type> and defines the
indicated roles of <instance > to have the indicated values. For example,

(define-instance 'El '-EAT'(R-OBJ FI R-ACTOR JOE))
is equivalent to adding

(ITYPE El T-EAT)
(ROLE El R-OBJ Fl) P.
(ROLE El R-ACTOR JOE)

Either way of asserting this information will cause the following
equalities to be derived: '

(EQ (c-eat F1 JOE) El) '
(EQ (f-obj El) Fl)
(EQ (f-actor El) JOE)

14.2 Retrieving in the REP System

The REP system provides a general facility for providing information about any
object defined. This is provided by the function

(retrieve-def '<object>)

which returns a description of the object in the following formats:

If the <object > is a type, it returns a list of the form
(TYPENAME <list of immediate supertypes>

< list of roles defined >.
< type restrictions on roles >)

For example, given the definition of T-OBJ-ACTION above, retrieve-def
would return ,.

(TYPENAME (T-ACTION) (R-OBJ R-ACTOR)
(T-PHYS-OBJ T-ANIM)) -.-.-.

Given a rolename, retrieve-def returns 0

(ROLENAME < list of types using that role >)
Given a function name, retrieve-def returns
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(FUNCTIONNAME (< type restrictions on args >) < type of result >)

Given a free variable, retrieve-def returns
(VARIABLE <type restriction>)

Given an object, retrieve-def returns
(CONSTANT < type > (< role > < value>)

For example, if A is an instance of T-OBJ OBJ-ACTION with the R-O]BJ
role set to 01 and R-ACTOR set to (f-actor A2). then (retrieve-def 'A) ...

would return
(CONSTANT T-OBJ-ACT[ON (R-OBJ 01) (R-ACTOR (f-actor A)

Finally, given a function containing unbound variables, retrieve-def Will
return as much information as it can derive using the basic format for
constants, but differing in the first atom, i.e., it returns

(FUNCTION <type> (<role> <value>)*)

For example, given all the assertions in Section 14.1, we would retrieve the
following:*

> (retrieve-def 'I-EAT)
(TYPENAME (T-ACTION) (R-OBJ R-ACTOR)

(T-FOOD T-ANIM))

> (retrieve-def 'R-OBJ)
I

(ROLENAME (T-EAT))

> (retrieve-def R-ACTOR)
(ROLENAME (TEAT T-ACTION)) -w e

> (retrieve-def 'f-obj)
(FUNCTIONNAME (T-EAT) T-FOOD)

> (retrieve-def 'c-eat)
(FUNCTIONNAMIE (T-FOOD T-ANIM) T-EAT) ~ .~

> (retrieve-def *"zT-EAT)
(VARIABLE T-EAT)

> (retrieve-def li)
(CONSTANT T-EAT (R-OBJ Fl R-ACTOR JOE))

> (retrieve-def'(f-obj El))
(CONSTANTT-FOOD)
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> (retrieve-def '(c-eat (f-obj El1) JACK))
(CONSTANTr T-EAT (R-OBJ (f-obj El) R-ACTOR JACK))

> (retrieve-def '(c-eat ?x*FOOD JACK))
(FUNCTION T-EAT (R-OBJ ?x*FOOD R-ACTOR JACK)

> (define-instance 'E2 T-EAT (R-ACTOR JACK)
E2

> (retrieve-def'E2)
perA~

(CONSTANT T-EAT (R-OBJ (f-obj E2) R-ACTOR JACK))
14.3 Examples

A REP system transcript, slightly modified for readability.
Lines 1 to 13 define a type hierarchy and some instances.

1. (DEFINE-SUBTYPEQ T-PHYS-OBJ T-U)

2. (DEFINE-SUBTYPEQ T-LEGAL-PERSONS T-U) .
3.~~~~~~~~~, %DFN -U T P Q - UM N TL G LP R O S

4. (DEFINE-SUBTYPEQ T-COMANIS T-LEGAL-PERSONS

5. (DEFINE-SUBTYPEQ T-RELATION T-U)

6. (DEFINE-FUNCTIONAL-SUBTYPEQ T-BLII 'ATION
(R-AGTT-LEGAL-PERSONS)(R-OBkJT-PH i's.C1-

7. (DEFINE-SUBTYPEQ T-AUTOMOBILES T-PHYS- r--

8. (DEFINE-STJBTYPEQ T-MUSTANGS T-AUTOMOh &LES'- .~

9. (DEFINE-SUBTYPEQ T-MODEL-TS T-AUTOMOBELES'J)

* 10. (DEFINE-INSTANCEQ I-GM T-COMPANIES)
(((1TYPE i-GM T-COMPANIES)))

11. (DEFINE-INSTANCEQ I-FORD T-COMPANIES)
(((ITYPE I-FORD T-COMPANEES))

12. (DEFINE-INSTANCEQ I-OLD-BLACK T-MUSTANGS)
(((ITYPE I-OLD-BLACK T-MUSTANGS))

13. (DEFINE-rNSTANCEQ I-LIZZY T-MODEL-TS)
(((ITYPE 1-LIZZY T-MODEL-TS)) M~

Now we add a fact that ford builds all mustangs using the "builds" relation
defined above in step 6
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14. (addzq ((holds (c-builds i-ford ?m*t-mustangs))))

A trivial proof that ford builds "old black" (defined in line 12)
70. .0

15. (proveq (holds (c-builds i-ford i-old-black)))
((HOLDS (C-BUILDS I-FORD I-OLD-BLACK))

; Here we expliitly build an instance of the relation that ford builds
old-black, usng the define-instanceq function. The actual axioms
added tothe sysefollow.

16. (define-instanceq i -b-o-b t-builds (r-agt i-ford) (r-obj i-old-black))
((UMYP X-B-0-B T-BUILDS))) . ~-

17 ((rr4 PE I-B-O-B T-BUILDS) I-B-O-B).
((ROLE I-B-O-B R-AGT I-FORD) I-B-O-B)
((ROLE I-B-O-B R-OBJ I-OLD-BLACK) I-B-O-B)
((EQ I-FORD ( F-AGT I-B-O-B)) I-B-O-B)
((Q I-OLD-BLACK (F-OBJ I-B-O-B)) I-B-O-B)
((EQ I-B-O-B (C-BUILDS(CF-AGT I-B-O-B) (F-OBJ I-B-O-B))) I-B-O-B)

Now we can prove that relation i-b-o-b also holds (i.e., it unifies with fact
added in step 14)

18. (proveq (holds i-b-o-b))
((HOLDS I-B-O-B))

Now we define a relation that ford builds lizzy (19), and then assert that
this relation holds (20):

19. (define-instancea i-bluld-lizz 1 t-builds (r-agt i-ford) (r-obj i-lizzy))
(((ITYPE I-BIJILD-LIZZY1 T-BUILDS)))

20. (addzq ((olds i-build-lizzyl)))

KNow we can find the company that builds lizzy using the constructor
function for T-BUILDS. %I

21. (proveq (holds (c-builds ?c*t-companies i-lizzy)))
((HOLDS (C-BUILDS I-FORD 1-LIZZY))

;Now we happen to define another build relation that turns out also to be
that Ford builds lizzy as well. .A .

22. (define-instanceq i-build-lizz2 t-builds (r-agt i-ford)) %
MUMTYP I-BUELD-LIZZY2 T-BUILDS)))

23. (addzq (ROLE i-build-lizzy2 R-OBJ i-lizzy))

This relation can then also be shown to be bold: a
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24. (proveq (holds i-build-lizzyV2))

Given this database, the following queries involving the ROLE predicate
can be made

;find all relations involving I-LIZZY in any way

25. (prove :all '(ole ?r*t-relation ?n i-lizzy))
((ROLE I-BUILD-LIZZY1 R-OBJ I-LIZZY)

(ROLE I-BUILD-LIZZY2 R-OBJ I-LIZZY))

find all relations that involve OLD-BLACK in the R-OBJ role

26. (prove :all '(ole ?r*t-relation r-obj i-old-black))
((ROLE I-B-O-B R-OBJ I-OLD-BLACK))

find all relations involving automobiles in any role

27. (prove :all V(ole ?r4 't-relation ?n ?a*t-automobiles))
((ROLE 1-BUILD-LIZZY1 R-OBJ 1-LIZZY) .'

(ROLE I-BUILD-LIZZY2 R-OBJ I-LIZZY)
(ROLE I-B-O-B R-OBJ I-OLD-BLACK))
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INDEX OF FUNCTIONS

(add-comment '<predname > '<comment >) -- Sect. 2.4

(add-to-comment '<predname > '<comment>) -- Sect. 2.4

(adda4 '<axio ml > ... '<axiomn.>) and (addaq <axiomi > ... <axiomn >) -Sect. 2.1

(add f:all f <atomic formula > ... ) '<index > t <atomnic formula > ...))-Sect. 9.1.1

(addf '<atomic formula.> r <atomic formula > ... ) '<index>
f <atomic formula>) ...)-Sect. 9.1.1

(addfq :~all (<atomic formula) ... ) <index > (<atomic formula > ... )- Sect. 9.1.1

(addfq <atomic formula > (<atomic formula > ... ) <index>
(<atomic formula>) ...)-Sect. 9.1.1

(addz '<axiomi > ... '<axiomn >) and (addzq <axioml > ... <axiomn >) - Sect. 2.1 .

(any ?newvar (constraint ?newvar)) -- Sect. 8.2

(ASSER T-AXIOMS <axiom>) -Sect. 10

(ATOM <term >) -- Sect. 10
(axioms '<list of axioms >) -- Sect. 2.1

(axioms-by-index '<index >) -- Sect. 2.2

(axioms -by-na me-and-index '<,pred-name > '<index>) -Sect. 2.2
(bind '<variable > '<value >) -- Sect. 5.2

(BOUND ?x) -- Sect. 10

(clear '<index >) and (clearq <index >)- Sect. 2.1

(clearall) -- Sect. 2.1

* CUT -Sect. 10)

(dedlare-fn -type <fn -name > ( <typel > .. <typen > <typename >) -- Sect. 7.1

(declare -lispfnq <namel > ... <na men>) - Sect. 5.2

* (declare-varyingq <prednamel > ... <predramen >) -Sect. 2.1

(defined -functions) -- Sect. 7.3 ..

(define -functional -subtype '<type > '<supertype > r <rolename type .>)*) -- Sect £4.1

(define -functional-,,u btypeq <type > <supertype > (<rolename type >)*) -Sect. 14.1

(define -hashed -trigger <predicate name>) - Sect. 11

(define -hash table <predicate name>) -- Sect. 11 0

(define -instance '<insta -ce > '<type> r <rolename value>)*)~ Sect. 14.1
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(define-instanceq <instance > <type > (<rolename value >)*) .Sect. 14.1

(define-subtype '<type > '<su pertype > t <rolename type >)*) .Sect. 14.1

(define-subtypeq <type> <supertype > ( <rolename type>)*) --Sect. 14.1

(delete-fn-deflnition '<function name>) -- Sect. 7.1

(DISJOINT <typej > <type2 > ... <typen >) - Sect. 7

(DISTINCT <terml > <term2 >) - Sect. 10

(dump-horne '<filename >) - Sect. 6

(dump-predicates '<filename > '<list ofprednames >) - Sect. 6

(editf '<predname >) - Sect. 9.5 •

(edita <predicate name.>) -- Sect. 3

(EQ <terml > <term2 >) - Sect. 10 -
(equivelass '<ground term>) - Sect. 8.1•
(equivclass-v '<term >) -- Sect. 8.1

(FAIL) -- Sect. 10 p s.

(find-clauses '<atomic formula >) - Sect. 2.2 ,

(find-facts '<atomic formula >) and (find-factsq <atomic formula >) -- Sect. 2.2

(find-facts-with-bindings '<atomic formula >) -- Sect. 2.2

(GENVALUE <variable> <LISP expression>) -- Sect. 5.1, Sect. 10

(get-answer) -- Sect. 5.4 ."..-

(get-axioms '<filename >) and (get-axiomsq <filename >) -- Sect. 6 .

(get-binding '<varname >) -- Sect. 5.4 
. .

(get-clauses '<atomic formula >) -- Sect. 2.2 %

(get-facts '<atomic formula >) -- Sect. 2.2 % %

(get-type-object '<term >) -- Sect. 7.3 .

(goal) - Sect. 4.3

(GROUND <terml >) - Sect. 10 -

(H-setup-hashed-trigger <name> <path> <#buckets> <size>) -- Sect. 11

(H-setup-hashtable <name> <path> <#buckets> <size >) - Sect. 11

(htrace '<predspeci > ... '<predspecn >) -- Sect. 4.2

(htrace-post-proof) - Sect. 8.2
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I 0t

(htraceall) - Sect. 4.1 -"

(htraceiq <index-speci.> ... <index-specn >) - Sect. 4.2
(htraceq <predspecl > ... <predspecn)') -- Sect. 4.2

H$$LIMT - Sect. 12 % .

H$$PAR TITION$CHK - Sect. 12

(IDENTICAL <terml > <term2 >) -- Sect. 10

(indices) - Sect. 2.2

(int typel type2) - Sect. 7.4

(INTERSECTION <newtype > <typel > <type2 >) -- Sect. 7 e
(issub '<typej > '<type2 >) - Sect. 7.3

(ISUBTYPE <subtype> <supertype >) -- Sect. 7

(isvariable '<term >) - Sect. 5.2

(ITYPE <individual> <typename >) -- Sect. 7

(matrix-relation 'typel type2) -- Sect. 7.3

(MEMBER <termj> <list >) -- Sect. 10 -

(NOTEQ <termi > <term2 >) -- Sect. 10 k

(normal-type-mode) -- Sect. 7.6

(nowarnings) -- Sect. 12 .... ,
(print-answer) -- Sect. 2.3

(print-comment '<predname >) -- Sect. 2.4 .

(printc Torm) and (printcq form) -- Sect. 9.2

(printf Torm) and (printfq form) -- Sect. 9.2

(printi '<index >) and (printiq <index >) - Sect. 2.2, Sect. 7.3 '

(printp '<pattern >) and (printpq <pattern >) -- Sect. 2.2, Sect. 7.3 ,".yi

(proof-trace) -- Sect. 4.3 N

(prove :all '<atomic formulal > ... '<atomic formulan >) -- Sect. 2.3 . -
( o ',:,..<,,ct

(prove '<atomic formula i ... '<atomic formulan)') -- Sect. 2.3 .
(prove <number > '<atomic formula i> ... '<atomic formula, >) -- Sect. 2.3 ,+ .<

(prove :query '<atomic formulal > .. '<atomic formulan >) -- Sect. 2.3

(proveq :all <atomic formula > ... <atomic formulan >) -- Sect. 2.3 .
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Sect.. 2.

(proveq :u <atomic formula > ... <atomic formula n >) Sect. 2.3

(recompile-matrix) -- Sect. 7.2

(relations) - Sect. 2.2

(reset) - Sect. 2.1 L

(reset -all-tracing) -- Sect. 2.1

(retract-forward form) and (retract-forwardq form) - Sect 9.1.1

(RETRACT <termi >) -- Sect. 10
(ret racta '<Predicate name>) and (retractaq <predicate name>) -- Sect. 2.1

(retractall '<pattern >) and (retractallq <pattern)-- Sect. 2.1

(retractz '<Predicate name >) and (ret ractzq <predicate name)- Sect 2.1

(retrieve -def '<object) ~

(RPRINT <terml > ... <termn >) -- Sect. 10 :W

(R TERPRI) -- Sect. 10

(runtime) -- Sect. 2.3

(save-horne '<flename >) -- Sect. 60

(save-indices '<filename > '<list of indices >) -- Sect. 6

(save -predicates '<flename > '<list ofprednames >) -- Sect. 6

(see -function -defi nition '<function name>) .- Sect. 7.3

(SETVALUE <variable > <LISP expression >) -- Sect. 5.1, Sect. 10

(show-clauses) -- Sect. 4.3

(show-facts) -- Sect. 4.3 17

(show-proof-trace) -- Sect. 4.3 .

(stack) -- Sect. 4.3

(top) -- Sect. 4.3 1.*

(totry) - Sect. 4.3

(trace -assertions) -- Sect. 9.3%%

(trace-forward) - Sect. 9.3 .
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(trace -typecheck i ng) -- Sect. 7.5

(trace -typechecking breaik) -- Sect. 7.5%

(triggers) - Sect. 9.2

(turn-on-proof-trace) - Sect. 4.3

(turn-off-proof-trace) -- Sect. 4.3

(type-assumption-mode) -- Sect. 7.6

(type-info 'type) - Sect. 7.3

(type-query-mode) - Sect. 7.6

(typecheck <term.> <type.>) - Sect. 7.7

(typecompat <typel > <type2 >) -- Sect. 7.7

(types) -- Sect. 7.3

(unhtraceall) - Sect. 4.1

(unhtrace -post -proof) -- Sect. 8.2 0

(unhtrace '<Predicate namel.> ... '<Predicate namen >) -- Sect. 4.2 9

(unhtraceiq <indexi > ... <indexn >) -- Sect. 4.2 .

(unhtraceq <predicate namel > ... <predicate name2 >) -- Sect. 4.2

(UNLESS <atomic formula >) -Sect. 10

(unt race -assertions) -- Sect. 9.3

(untrace -forward) -- Sect. 9.3 '

(untrace-typechecking) -- Sect. 7.5

(VAR <variable>) -- Sect. 10 p!

va -Sec. 5. %'* %

(rtype '<variable>) - et .

(warnings) -- Sect. 12

(XSUBTYPE (<typej> <type2.>... <typen> ) <super-type.>) - Sect. 7
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Appendix A-3 ,/ ,

THE LOGIC OF PERSISTENCE

Henry A. Kautz

Department of Computer Science
University of Rochester

Rochester, New York 14627:1

ABSTRACT 2. Problems with Default Reasoning

A recent paper (Hanks1985] examines temporal rea- We would like to find some simple rule of default
soning as an example of default reasoning. They conclude inference which captures persistence reasoning. Hanks
that all current systems of default reasoning, including and McDermott describe "obvious" solutions to the per-
non-monotonic logic, default logic, and circumscription, sistence problem using Reiter's default logic, McCarthy's
are inadequate for reasoning about persistence. I present circumscription operation, and McDermott and Doyle's
a way of representing persistence in a framework based on non-monotonic logic. In default logic, for example, one
a generalization of circumscription, which captures Hanks would include an rule which stated that if a fact held at a

and McDermott's procedural representation. time TI, and it was consistent that it held over an interval 4 -

immediately following time TI, then infer that it does

1. Persistence hold over T1. In the circumscnptive approach, one could

The frame problem is that of representing a dynamic define a "clipping event" which occurs whenever a fact

world so that one can formally infer the facts whose truth changes truth value. Persistence is indirectly asserted by ..

values are not changed by a given action. A temporal circumscribing (minimizing) the predicate which holds of 'N,""
world model allows one to assert that various actions occur all clipping events.

at various times. and to be silent about other times. When While intuitivel. appealing, these approaches do not
one reasons with such a model, the frame problem is gen- work. The basic problem, Hanks ind IcDermott point
eralized to the persistence problem: given that no out, is that default inferences are not prioritized by each
relevant action, or perhaps no action at all, occurred over system. For example, appling default rules in different -

a stretch of time, one may need to infer that certain facts orders yields different extensions: in circumscription,
do not change their truth values over that time. In other many different models of the axioms may be minimal in
words, one needs to represent the "inertia" of the world, the "clipping" predicate. Yet only some of these exten-

the moment to moment persistence of many of its proper- sions or minimal models correspond to the intuitive
ties. understanding of persistence.

Examples of persistence abound in everyday reason- Consider the gun example. The axioms have a

ing. Sitting in my office, I can infer that my car is in the minimal model (or corresponding extension) in which the
parking lot. because that is where I left it this morning, fact ALIVE persists, but the fact LOADED is (mysteri- '
[Hanksl985 examines the following example, here ously) clipped between times I and 3. (See figure 2.)
simplified. Assume a simple linear, discrete model of Therefore simply circumscribing clipped (or adding
time, dontaining instants 1. 2, 3. etc. At time I John is default rules) does not sanction inferences about per-
alive, and a gun aimed at John is loaded. At time 3 the sistence.
gun is fired. We know that if the gun is loaded when it is
fired. John will die at the next moment of time. We 3. A Procedural Solution
would like to conclude that John is not alive at time 4. In Hanks provides a temporal-assertion management
order to do so, we must make the persistence inference program which computes persistences. Hanks's program
that the gun stays loaded from times I to 3. (See figure functions b computing persistences in temporal order,
1.) from the past to the future. For example. the persistence

of LOADED is computed before the persistence of
ALIVE, and so the program concludes that John dies. .'
The program reflects our intuitions in many cases because

This repot describes work done in the Department of Computer Sci- it captures the temporal order of causality: the gun being
ence at the University of Rochester. It was upported in part by can cause John to die, and so has precedence over

satinal Science Foundation grant DCR-8502481 iL
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'4N
Hanks is not optimistic about the ability of any "Good" models, Hanks and McDermott suggest, are ones

default logic to handle this reasoning properly: "...If a in which earlier facts persist as long as possible. and so. -,

significant part of defeasible reasoning can't be should fai! at the beginning of the ordenng. Where MI
represented by default logics. and if in the cases where the and M2 are models, M1 is as good or better than M2 if
logics fail we have no better way of describing the reason- every clipping in MI is either matched by an identical .-

ing process than by a direct procedural characterization clipping in M2, or by an earlier clipping in M2 (possibly
(like our program or its inductive definiuon), then logic as of some different fact) which does not also appear in M1. " e
an Al representation language begins to look less and less The less than or equal relation between models is for- , j

attractive." Such pessimism may be premature. it is possi- mally defined as follows. Where MI is a model and P is a %
ble to represent many kinds of ordered defaults in an predicate, the expression MI[P0 )ields the extension of P

declarative representation. We show how this can be done in MI. The extension of a binary predicate such as Clip is
in a circumscriptive framework, a set of pairs, where the pair of x and y is written (x, y>. -

Models can be compared only if they interpret constant, *

4. Model Theory function. and predicate symbols other than Clip or Hold
The semantics of circumscription are based on the in the same way. In particular, this means that the models -

idea of minimal entailment. One statement entails agree on the predicate "C'. which is used to order time - -

another if all models of the first are also models of the instances. Because models may be compared even if they
second. Suppose a partial order is defined over class of do not agree on the predicate Hold, that predicate (as well •
models. The minimal models of a statement are those as Clip) is said to vary during the minimization.
which have no strict predecessor in the partial order.
Then nne statement minimally entails another if all MI < M2 if and only if
minimal models of the first are also models of the second.

McCarthy's original formulation of circumscription (i) M1 and M2 have the same domain
[McCarthyl980] defined the partial order over models in
terms of the extension of some predicate, say P. A model (ii) Every constant. function, and predicate symbol other
M1 would be less than a model M2 if the extension of P than Clip and Hold receives the same interpretation
in Mi is a subset of its extension in M2. and M1 and M2 in M1 and M2.
are otherwise the same. Newer work [McCarthyl19851 has
refined this definition, largely concentrating on the role of (iii) The following (meta-theoretic) statement is true:
the non-circumscribed predicates in the minimization.
But many ocher variations on circumscription are possible. <f, E> E Ml[Clipj D

Let facts (such as LOADED) be represented by <f, 0 E M2[ClipJ V
terms, and the atom 3 t*.f' .<' > E M2[Clip] &

<f'. t'> 4 M1[Clip &Hold(t~f) <t'. 0 E MI[<] " *:

be used to assert that fact f holds at time t. The predicate
Clip holds of a time and a fact if the fact becomes false at The final clause in this formula means that the time
that time; otherwise, the truth-value of the fact persists instant t' is before the time instant .
from the earlier instant. That is: A model MI is strictly better than M2 (MI(M2) just

Hold(tUf) 0 (Hold(t+ 1.0 Clip(t+ .f) in case MI_5M2 and it is not the case that M2<M1.

(The symbol 4 represents exclusive or.) Suppose we are From this definition one can prove that if M1(M2, then ' -.

given some assertions about when various facts hold. We (in terms of the Clip predicate) MI and M2 are identical

wish to define a partial order over models of these sen- up to so ime t: at t'. the set of clippings in M2 prop-

tences which reflects our intuitions about persistence. erly includes the set of clippings in MI.

1 2 3 4 12 34

I ALIVE m ALIVE

I LOADED ILOADED,

_ __ __ _'

Figure 1 Figure 2
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The minimal models are those M such that there is tecrepnigmnmlmdl.Mdspnn hn''.--"
no M* such that M'<M. It is important to understand that alosu ocnld3htteetnino lpi r- ,..e
the set of models is only partially ordered: there will be osythderdstoflipnsCipt)_-c(f._,L ,f
many minimal t.iodels. It is possible to show that this formula is valid in all I ~ l

The et f mniml moelsmaybe mptyif her is models minimal in the above sense. As with standard cir- ,', , . I
The seinte ofhainima models may b empt if ther >..Tis cumscription. the formula is inconsistent if there are no

can occur if we minimize an existential statement of the minimal models. [Lifschitz985] develops a generic
form. "f will eventually be clipped", with no upper bound circumscripion-like formula based on pre-orders. The

placed on the time of'clipping. The preference order will formula abov e is may to express in Lifschitz compact and

attempt to postpone the clipping, for an infinite period of elegant notation. _

time. This problem does not occur if such an unknown
time is given a (skolem) constant name. however. due to 6. Example %, .,' ;7
the fact that constants and funcuuns do not vary in the The gun example illustrates the use of persistence cir- , -. ,
minimization. cumscription. K(Clip,Hold) is the following set of state-

ments. Not shown are unique name axioms, such as :-
5. Proof Theory LOADED*- ALIVE, etc. ,:,

McCarthy's circumscription formula is a statement in• •
2net-order logic which entails those statements true in all Hold(t,f) D (Hold(t+ 1,0 ED Clip(t+ 1.)
the mi.-tmal models of a predicate. The following per-
sistence circumscripton formula entails those statements Hold(t, FIRE) & Hold(tLOADED) D " 3 _
true in models minimal in the partial order defined above. -Hold(t+ 1,LOADED) & -Hold(t+ 1,ALIVE) ' r2 'i
Let K(ClipHold) be our initial set of temporal assertions. %.,t 1
We write an expression such as K(Foo.Bar) to stand for Hold(1,LOADED).• •
the set of sentences obtained by substituting the predicates , .,y,
Fop and Bar for every occurrence of Clip and Hold in Hold(I.ALIVE),. ,"'-
K(Clip,Hold) respectively. The ,variables c and h range,'d
over predicates. Hold(3,FIRE) '

V c.h. The goal is to prove that -Hold(4,AL[VE). (A more
{K(c,h) & complete set of axioms would also state that if something I
V tLf. c(tf) D is a fact, and it does not hold at autme, then its negation --. ---¢

" ,, , -

[Clip(t,f) V holds at that time. This complicaon would not materially '

n t2f2, t2<t & Clip(t2,f2) & uc(t2,n2)d a change our solution.) thtth-xtnin'fClpispe
the set of.model isoly prtially odOur intuitions tell us that the only (required) clipping'

event occurs at time 4 when both LOADED and ALIVE %.,
The formula can be informally understood as follows become false (as in figure 1). The instantiation for- is /\l
Suppose that c and h are arbitrary predicates which therefore:
satisfies a the constraints placed by the knowledge base mna oe. Lstl'dlp a ni
on the predicates Cli p and Holds respectively. Further- d c ri k mu a o e e.
more, suppose whenever c holds of a particular ime and a f a i easy to p i =LA ciD comAct a
particular fact. then either Clip also holds of that time and eg't noation

fact. or Clip holds of some earlier time and fact which are When do various facts hold? Again referring to figure 1.
not in the extension of c. The conclusion is that c and we see that LOADED and ALIVE hold between times
Clip are identical; the second alternative is never the case. and 3 and FIRE begins holding at time 3 (and persists -. , -,

There cannot be a predicate which satisfies all the con- thereafter). For h we can thus choose:"-...-'. .straints on Clip. yet allows some fact to persist for s longer'i '

timem without having to clip some other fact at that time.a
The predicate-variable h was introduced in order to allow (f= LOADED t c <t<3) &
Holds to vary durng the minimization of Clip. f=ALIVE te. f<tfo)w

In order to use this formula. we must select particular (f=FIRE D t>T) &ADED) -r

instantiations for the variables c and h. such that the ini- (f= LOADED V f= ALIVE V f= FIRE) _ j.
tial set of assertions K(Clip.Hold) entails the main mporaasse"
antecedent (in curly braces) TpicalyB c is instantiated as aHo-.'l-LOA.
latbda expression whch enumerates the the desred set of These expressions are placed in the persistence cir-

clippings. The aable hci s l stanated by a lambda cumscption formula. which is then simplified. This rang
expression which descnbes which and when facts hol in involves proving that the man antecedent of the formula:
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{K(c.h) & Consider the sentence involving ALIVE, marked with a
V t.f. c(Lt) (i). We can show this statement is true by showing that if

[Clip(Lf) V the second main disjunct is false, then the first disjunct -. .

3 U2.fQ . t2(t & Cipt2.12) & -(t2J2)J must be true. So suppose that
D V Uf. Clip(t,0 E C(~)%

3 tORf. E2<4 & Clip(t.2.f 2) & -c(t2.f2) .

must be true, where c and h are defined as above. This is
done by showing (i) that K(Clip,Hold) entails K(c,h), and is false. This means that there is no clipping event before
(ii) that K(Chip,Hold) entls: time 4. K(Clip.Hold) includes the statements

Hold(1,ALIVE) and Hold(I.LOADED). The axiom
* V tf. ct.) D

[Clip(t.f) V Hold(t.O) D (Hold(t+ 1) ED Clip(t+ 1,f)
3 L2.12 t2<t & Clip(t2.12) & "c(t2.f2)I

can therefore be applied for times t=1 and t=2. givingthe conclusion
The first part of the proof involves substituting c and t n o

h for Clip and Holds in the iniual knowledge base and
simplifying. which is straightforward but tedious. For Hold(3,ALIVE) & Hotd(3.LOADED)ee
example, the formula Hold(ILOADED) becomes
h(I.LOADED), which is: Since Hold(3,FIRE). the axiom about finng loaded guns %' ..
[X f tells us that -Hold(4,ALIVE). Since Hold(3.ALIVE), we .

[f LOADEt &finally conclude that Clip(4.ALIVE), the first disjunct of .0
(f=LDED <t3) &M(t). is true. Therefore (t) is true. The sentence oust N(f= ALIVE D _t<3) & before (i)) involving LOADED can be proven in a stmilar , .,),

(f= FIRE D t>3) & b ,.

(f= LOADED V f=ALIVE V f=FIRE) (1,LOADED) manner. ..Thus the statement (*) is true, the main antecedent L6 ',

of the instantiated persistence circumscription formula is , ..This expression reduces to: true, and so

(LOADED= LOADED D 1<1<3) & Clip(t.t'- c(tf)
(LO ADED= ALIVE D I<1<3)& W'f

(IOADFD =FIRE D 1>3)& Sn
(LOADED= LOADED V Since c(4.ALIVE), it must the case that Clip(4.ALIVE),

LOADED= ALIVE V and so -Hold(4,ALIVE).
LOADED= FIRE) DiscussioDiscussion

which. given the unique name axioms mentioned above, is Several morals can be drawn from this exercise. One %a tautologyn is that in reasoning about time, and probably most other .
applications. default inferences must be properly ordered. %

The second step, as mentioned above, is to show that Another is that we may need to step beyond the incre-
K(Clip.Hold) entails the statement marked with a (*). mental progression of circurnscriptive techniques, from %
The antecedent of (*) is false, and the statement therefore predicate circumscription, to circumscription with van- _
true. except when t=4, and f= LOADED or f=ALIVE. ables, to formula circumscription, and view circumscnp-
Therefore we must show that: tion as a general framework for expressing inference in

terms of various classes of minimal models. A final moral N
Clip(4,LOADED) V is that by thinking about default inference in terms of le _ ,
3 R2.f2 . t2<4 & Clip(,f2) & -c(t2.f2) relationships between models, we may more readil) see

the inadequacies of our own purported solutions. *
and The paticular formulas just presented do not sole in

the persistence problem in general. Recall the example"-
using persistence to infer that my car is in the parking lot. - A
Suppose I learn at time 1000 that my car is gone. Using '3 t2f2 t2<4 & Clip(L2.f2) & 'c(t2J2) the techniques just described. I can infer that the car was %
in the parking lot up to the shortest possible time before I , .,,

S 0
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knew it was gone. This is clearly an unreasonable infer-
ence. Someone could have stolen it five minutes after I
left it there: I have no reason to prefer an explanation in '
which it vanished five seconds before I glanced out my
office window. The inadequacy is ontological: we can't
handle persistence properly until we have a richer theory %

of causation. The purely temporal solution often worksN
because the flow of' time reflects the order of physical cau- a i
sation. When the full storn of causation is told, we thenON
require an efficient algorithm for performing the necessary
deductions, such as Kanks's. and a clear model theory.
such as that provided by generalized circumscription, to A
explain and justify the wh~ole process. ..
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Appendix A-4

GENERALIZED PLAN RECOGNITION

5 James F. Allen

Department of Computer Science
University of Rochester

Rochester. New York 14627

I" ABSTRACT inferring that the person is going to put the car into the garage
This paper outlines a new theory of plan recognition that when there is no evidence to support this interpretation over

-~ is significanth more powerful than previous approaches. Con- the one involving driving to the store. ", ,-,

current actions, shared steps between actions, and disjunctive In addition, a useful plan recognizer in many contexts can- , .. p

information are all handled. The theory allows one to draw not make simplistic assumptions about the temporal ordering of
conclusions based on the class of possible plans being per- the observations either. In story understanding. for example, the 0
formed, rather than having to prematurely commit to a single actions might not be descnbed in the actual order that they -
interpretation. The theory employs circumscription to occurred. In many domains, we must also allow actions to occur
transform a first-order theom of action into an action taxonomy. simultaneously with each other, or allow the ternporal ordenng ,.'/,
which can be used to logically deduce the complex action(s) an not to be known at all. Finally. we must allow the possibility ," .,
agent is performing, that an action may be executed as part of two independent %

plans. We might for example, make enough pasta one night in
I. Introduction order to prepare two separate meals over the next two days.

A central issue in Artificial Intelligence is the representa- None of the previous models of plan recognition can han- .
tion of actions and plans. One of the major modes of reasoning dle more than a few of these situations in any general way. Part
about actions is called plan recognition. in which a set of of the problem is that none of the frameworks have used a rich . 4.
observed or described actions is explained by constructing a enough temporal model to support reasoning about temporally ,e -
plan that contains them. Such techniques are useful in many complex situations. But even if we were able to extend each
areas, including story understanding, discourse modeling. stra- framework with a general temporal reasoning facility, there
tegic planning and modeling naive psychology. In story under- would still be problems that remain. Let us consider three of
standing, for example. the plans of the characters must be the major approaches briefly, and discuss these other problems.
recognized from the described actions in order to answer ques- The explanation-based approaches, outlined formally by
tions based on the story. In strategic plannin . the planner may [Cha85J all attempt to explain a set of observations by finding a ,,
need to recognize the plans of another agent in order to interact set of assumptions that entails the observations. The problem
(co-operatively or competitively) with that agent with this is that there may be many such sets of abbuiip.ions

Unlike plannir. which often can be viewed as purely that will have this property, and the theory says nothing as to
hypothetical reasoning (i.e. if I did A. then P would be true), how to select among them. In practice, systems based on this
plan recognition models must be able to represent actual events framework (e.g. [Wi 83J) will over-commit, and select the first
that have happened as well as proposing hypothetical explana- explanation found, even though it is not uniquely identified by
tions of actions. In addition. plan recognition inherently the observations. In addition, they are not able to handle dis-
involves more uncertainty than in planning. Whereas in plan- junctive information.
ning. one is interested in finding any plan that achieves the The approaches based on parsing (e.g. [Huf 2.Sidl---
desired Soa. in pl reconition, one must attempt to recognize view actions as sequences of subactions and essentially model , -
the partcular plan that another agent is performing. Previous this knowledge as a context-free rule in an "action grammar'. '., ,
plan recognition models, as we shall see. have been unable to The primitive (i.e. non-decomposable) actions in the framework .. ','..' -,
deal with this form of uncertmnt in any significant way. are the terminal symbols in the grammar. The observations are

A trul. useful plan recognition system muSL besides being then treated as input to the parser and it attempts to derive a N >.
well-defined, be able to handTe variou's forms of uncertainty. In parse tree to explain the observations. A system based on this "'
particular. often a gien set of observed actions may not model would suffer from the problem of over-ommitment S
uniquely identif, a particular plan. yet man) important conclu- unless it generates the set of possible explanations (i.e. all possi-
sions can still be drawn and predictions about future actions ble parses). While some interesting temporal aspects in coin-
can still be made. bining plans can be handled by using more powerful grammars

For example, if we obseve a pern in a house picking up such as shuffle grammam each individual plan can only be ,-
.e car keys. we should be able to infer that they are going to modelled as a sequence of actions. In addition. every step of a

. leave t house to go to the car. esen though we cannot tel it plan must be observed -- there is no capability for partial obser-
they plan to drive somewhere. or imply to put the car in the vation. It is not clear how more temporally complex plans %
garage. On the basis of this information, we might ask the per- could be modelled, such as those involvinR simultaneous
;on to take the garbage out %hen they leave. Io accomplish actions, or how a single action could be viewed as being part of
this. a i)stem cannot .ait until a single plan is uniquely multiple plans.
identified before drawing any conclusions. On the other hand. a The final approach to be discused is based on the concept,
plan recognizer should not prematurely jump to conclusions of "likely" inference (e.g. [AIl83. Po1841). In these systems a set
either. We do not want to handle the above eanple by simply of rules is used of the form: "If one observes act A. then it may
This work was supported in part bv the Air Force Systems Command, be that it is part of act B". Such rules outline a search space of I,

Rome Air L~c~elopmcnt Center. (inffiss Air F-orce Base, and the Air ictions that produces plans that include the observations. In
Force Office (if Scicniific Rescarch. under Contract No, F30602-85-C- practice. the control of this search is hidden in a set of heuris-
OO. and the National Science Foundation under grant DCR- tics and thus is hard to deline precisely. It is also difficult to
8502481.
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ittach a semantics to such rules as the one a'oe. This rule heuristic to assume that the observations are all pan of the
oes not mean that if" '..e obse-,e A. then i is probable that B ame top level act. rather than each being a step of an indepen- " ,

,s beine executed. or e%en that it is possible that B is being cxe- dent top level act. he simplicity constraint which we will use ,' ",, ',Z
cuted. "he rule is valid e'en in situdtions where it is Impos.sible asserts that as few top level actions occur as possible. The sim- ,...J'
tor B to be in execution. These issues are decided entirely by plicity constraint can be represented by a tormula of second- if
.he heuristics. As such. it is hard to make precie claims as to order loeic ,hich is similar to the circumscription formula. In
the power of this formalism, any partcular case the constraint is instantiated as a first-order %

In this paper we outline a new theor of plan recognition formula which asserts "there are no more than n top level acts".
that is significantly more powerful that these previous which n is a particular constant choosen to be as small as possi- 0

aoproaches in that it can handle many of the above issues in an ble. and still allow the instantiated constraint to be consistent
intuitively satisfling ,%ay. Furthermore. there are no restnctions with the observations and taxonomy.
on the temporal relationships between the observations. While one can imageine many other heuristic rules for
Another important result is that the implicit assumptions that choosing between interpretations ot a set of observed actions.
:ppear to underly all plan recognition processes are miade expli- the few given here cover a vreat many common cases. and seem.

cit and precisely denned i tin a tomial theory of action, to capture the "obvious" inrerences one might make. More fine
Given these assumptions and a specific body of knowledge grained plan recognition tasks (such as strategic planning)
about the possible actions and plans to be considered. this would probably require some sort of quantitative reasoning.
theory will give us the strongest set of conclusions that can be
-nade given a set of observations. As such. this work lays a firm 3. Representing Action
hase for future work in plan recognition. The scheme just described requires a representation of

Several problems often associated with plan recognition action that includes:
are not considered in the current approach, however. In partic- --the ability to assert that an action actually occurred at a time:
.iar. beyond some simple simplicity assumptions, the trame-
.%ork does not distinguish between a priori likely and non-likely --a specialization hierarchy:
.Ians. Each logically possible explanation, given the assump- --a decomposition (substep) hierarchy.
::cns. is treated equally within the theory. It also can only Action instances are individuals which occur in the world.
recognize plans that are constructed out of the initial library of and are classified by action t.pes. The example domain is the
,.ctions defined for a particular domain. As a result, novel world of cooking. which includes a very rich action hierarchy.
.ttuations that arise from a combination of existing plans may as weli as a token bit of block stacking. (See figure 1.) The
' e recognized, but other situations that require generalization broad arrows indicate that one action tpe is a specialization of •
:cchniques. or reasoning by analogy cannot be recognized. another action type. whereas the thin arrows indicates the N -2 -,
2.4Ne ie fPlnReoniindecomposition of an action into subactions. We will see how to . ... y,,.

!. k. New View Of Pln Recognition represent this information in logic presently. The diagram does ,,.,,,. ,

It is not necessary to abandon logic, or to enter the depths not indicate other conditions and constraints which are also part /',. -
4f orobabilistic inference, in order to handle the problematic of an action decomposition. Instances of action types are also % S N
-ases of plan recognition descnbed above. Instead. we propose not shon. We introduce particular instances of actions using
"hat plan recognition be viewed as ordinary deductive inference. formulas such as ',..,, ,, .
,ased on a set of observations, an action taxonomy. and one or 0(E9. makePastaDish)
noare simplicity constraints.

An action taxonomy is an exhaustive description of the to mean that E9 is a real action instance of type MakePastaD- ,, ,
,a,,s in which actons can be performed. and the ways in which ish. (The smbo is the "oecurs" predicate.) The structure 01.
rtv action can be used as step of a more complex action, a particular action can be specified by a set of role functions.
' ecause the taxonomy is complete. one can infer the disjunc- In particular, the function T applied to an action intance %

:.n of the set of possible plans which contain the observations. returns the interval of time over which the action instance
.ha then reason by cases to reduce this disjunction. ~occurs. Other roles of an action can also be represented by

tunctions: e.g.. Agent(E9) could be the agent causing the action.
An action taxonomy is obtained by applying two closed- and ResultE9) could be the particular-meal produced b% E9.

,orld assumptions to an axiomatization of an action hierarchy. (For simplicity we will assume in this paper that all actions are ."'
R'he first assumption states that the known ways of performing

in ationare he oly wys f peformng tat ation Re performed by the same agent.) To record the observation of the '"mn action are the only ways of performing that action. I'he agn aking a pasta dish at Lime 17. one would assert: %',, %, ri'

asumption is actually a bit more general, in that ik stares the a kg s ht 7o u s
.nown ways of specializing an action are the only ,as. Each 3 e . #(e.makePastaDish) & '(e)= 17
*;me an abstract action is specialized, more is known about how %
So aertbrm It. For example. because the action type "throw" Action types need not all be constants. as they are here:
-Pecializes the action type "transfer location", we can think of often it is useful to use functions to construct tyes. such as
.,,rowing as a way to transfer location. Move(x.'). For simplicity, all the actions used in the examples
:1. ind that all the possible reasons tar performing an action Action specialization is easy to represent in this scheme.

.:z known. This a.,sumption is realized by stating that it an In the cooking world, the act of making a pasta dish specializes .. .. N.N,
,:ion A occurs. and P is the set of more complex actions in the act of prepanng a meal. which in turn specializes the class %
.-.ch A occurs as a suhstep. then some' member of P lso of top level acts. Specialization ,taitements are simply ,d-I".
,c.rs. universally-quantified implications. For example. part of the

,These assumptions can be stated using McCarthy's cir- hierarchy in figure 1 is represented b. the following axiuons: ,.

, st circumscnbing the ways of specializing an act. and then cir-

:mnscnbing the ways of using an a.L Uhe precise formulation [21 V e. #(e. MakePastaDish) D T(e. PrepareMeal) %. , -

:'S operation is descnbed in section 6 below." ,..,'

Phe simplicity constraints become important when we [31 v e . #(e. MakeFettuciniMannara) D %-,,
eed to recoinize a plan which integrates several ohser.ations. *(e. MakePastaDish)

Mro of the ictron taxonomy contains actions which are %
ne for their own sake. rather than as steps of more complex (41 V e . O(e. MakeFettucini) D #f(e. MakeNoodles) %

,: ns. When several actions are observed, it is often a gx)d I
A-91

% %. = A",,1



e. o

[51 e #(e. MakeSpaghetti) D Af(e. lakeNoodles) rhis states that e~er instance of VlakePaistaDish consists of (aW%
leaso three steps: making noodles. boiling thtem. and making a%

161 v e . (e. MakeChicken.Vaninara) D *ilce. The result of making noodles is an ohject which is
#(e. MakeMearfish) (naturally) of type noodle. r some period of time which fol-

staemet. ot xamle.meas tat ny ctin istace lows on the hecels of the maikini. tPrcsumabk the noodles
Thf rstsaemetare eal e san also a n opee act io isa c ease being noodles irter they ate eaten.) Futthermore. the

boiling atomutoccur while tenoxodles aeinfact. no
Tedecomposition hierarchy is represented by implica- dies. A complete decomposition of Ntikelasw Dish would con-

tions which assert necessary (and perhaps sufficient) conditions tarn other facts. such that result or the %takeSauce act mubt be
for an action instance to occur. Tis may include the fact that combined at some point A ith the noodles, after they are boiled.%
somec number of subacrions occur. and that %arious facts hold it The constrain that all the subactions of an action occur .'
vaious times JAIN841 These facts include the ptecondiuions and duigthe time of the action is expressed fot all acts by the
effects at the action, as well as various constraints on the tern- axion:
pora relationships of the subactions II8l3a]. .om

For the le,.el of analysis in the present pa er. we do not (81 V i.e . during(SOi.e1 Te)
need to distiguish the minimal necessary set ofconditions for It is important to note that a decomposable action can still be ~ ~ ..
an action to occur. from a larger set which may include facts further specialized. For example. the action type MakeFettu-%
which could be deduced from the components of the aCtL It IS ciniMarinara specializes MakePastaDish and adds additional
also convenient to eliminate some existentially quantified vafl- constraints on the above definition. In particular, the type of
ables, by introducing a function SOi.e) which names the i-th noodles made in step [ must be fettucini. while the sauce made).%
subaction Oif any) of action e. (The actual numbers are not in step 3 must be marinara sauce.~
important: any constant symbols can be used.) Fer example. A final component of the action hierarchy are axioms S
the makePastaDish action is decomposed as follows: which state action-type disjointedness. Such axioms are
[71 v e . # e. %lakePastaDish) D expressed with the connective "not and", written as V:

zfS(2.el. Boil) &
ziS.e. %lakeSauce) & 17 (e.MakeFettuciniMarinara)9
OhjeclS2.ei)= ResultlS(1.e)) & This simply says that a particular action cannot be both anholdf noodler ResulrS( jell. mln & instance of making lettucini Alfredo and an instance of makingixerlapl fits ic)). til) & fettucini Marinara. Cisjointedness axioms can be compactly
Junnig, r(s(2.e)). tri, represented and used in resolution-based inference using tech-

niques adapted from (Ten861.

TopLevelAct

PrepareMeal StackBlocks

GoToKitchen J

MakePastaDish Mk~a~s

Boil A A*
'MakeChicken% %

MakeNoodles Makeaaura

MakeSpaghetti MakeFettucini x aehce
Carbonara . ~ Marinara Mrnr

% %
Make FettuciniAif redo *.

7z %

MakeFettucini MakeMarinara
Figure 1: Action Hierarchy *~ .~
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4. Creating thme Taxonomy in the previous sectior.. Die formal basis for these transiorma*
The assumptions necessary for plan recognition ca o (ions is described in section 6.

be specified more precisely by considering the full a~tiofl 5.RciinEape
hierarchy presented in figure 1. Let KB1 be the set of axioms 5.RcgionEape
schematically represented by the graph. including the axioms We are now read) to work through somne examples of plan
mentioned above. KBI will be transformed into a taxonomy by recognition using the cooking taxonomv. In thc iteps that fol-
3pplying the completeness assumptions discussed above. rie low. existentially-qluantified sanables %6ll he replaced by fresh
result of the first assumption (all ways of specializing an action constants. Constants introduced for observed action instances
are known) N~ the database KB2. which includes all of KBI. begin with E. and those for deduced action instances being -Aith
together with statements which assert specialization complete- K. Simple cases typical of standard ~Ian recognition are c'asih,
ness. These include the following, where the symbol 0 is the accounted for. In this section. we s all consider an extended
connective "exclusive or". example demonstrating some more problematic cases.
[101 V e . 9(e. TopLevelAct) D Let the first observation be disjunctive: the agent is

#(e. PrepareMeal) 9 observed to be either making fettucini or making spagthetti. but *

0(e. StackBlocks) we cannot tell which. This is still enough infonn-ation to make *.."'
predictions about future actions. Fhe observation is: .

1111 V e. #(e.PrepareMeal) (181 #(EI. MakeFettucini) V (El.M~akeSpaghecti) '

O(e. MakeataDish) The abstraction axioms let us infer up the hierarchy:'-

[121V e *(. Mke~staish ~119] #(El. MakeNoodles) abstraction axioms [4]. [51
#(e, MakeFettuciniMannaraf 9 [201 *f(KO1. Make PastaDish) decomposition axiom 1151.
0(e. MaJkeFettuciniAifredo) 9 and e- ;tential instantiation
O(e. MakeSp~i~hctLuCarbonaira i

113) V e. 9(e. Make.JeatDish) D [211 #(KOI. Prepare'veal) abstraction axiom (21
0(e. MakeChicken~ldrinara) i 1221 #(KO1. TopLevelAct) abstraction axiom [11
#(e. \MakeChickcnPnindverai

Statement (201 together with [71 lets us make a prediction about
[141 V e . # (e. Make;Noodles) D the future: a Boi will occur:

#(e. MakeFettucini) D 1231 #(S(2.K01). boil)&'
Ole. MakeSpagthetti) ObjectUS(2.K01)) = Result( El)& &

These state that every top level action is either a case of' afterMT(0,1K01))T(El))
preparing a meal. or of stacking blocks: that every meal Thus even though the particular plan the agent is performing
preparation is either a case of making a pasta dish or making a cannot be exactly identified, specific predictions about future
meat dish: and so on. all the way down to particular. basic activities can still be made.
ty-es of meals. Not all actions, of course. are specializations 0f The previous step showed how one could reason from a
TopLevelAcL For example, axiom [141 states that every MAak- disjunctive observation up the abstraction hierarchy to a non-
eNoodles can be further classified as a MakeFettucini or as a disjunctive conclusion. With the next observation, we see that
Me la i tied a o To hee cas han MakeNoodles can going up the decomposition hierarchy frdm a non'disjunctive
5ae aghfettbti is no theeC cas thtayhearchy can lead to a disjunctive conclusion. Suppose the

The second assumption asserts that the given decomposi- next observation is:%
tions are the only decompositions. KB2 is transformed to the
final taxonomy KB3. which includes all of KB2, as well as: [241 #(E3. MakeMarinara)

115] V e. 0(e. MakeNoodles) D Applying axiom 1161. which was created by the second corn-
3 a. #(a. MakePastaDish) & e =S(I.a) pleteness assumption. leads to the conclusion:

(251 # (K02. MakeFettuciniMarinara) V
(161 V e. O(e. MakeMarinara) D S (K02. MakeChickenMarinara)

3 a. 0*(a. MakeFettuciniMarinara) & e =S(3.a)I V
#*(a. MaiteChickenMarinara) & e S3) The abstraction hierarchy can again be used to collapse this dis-

junction:

3 a. WDa. Make Fettucini Marinara)& e = S(.1.a)V (271 #(K02. PrparMea)
[#*(a. Make FettuciniAlIfredo) & e =S( .a)l

Axiomn [151 states that whenever an instance of MakeNoodles (281 #(K02. TopLevelAct) .b~i
ocr.teitmust be the case that some instance of MakePas- Atti onh ipiiycosritcmsit ly htahoccurs. Furthermore, the MakeNoodles act which is A hspittesmlct osritcmsit ly h

requredas subtepof he ake~staishis n fat te gven strongest form of the constraint, that there is only one top level
instance of MakeNoodles. Cases like this, where an action can acinnpore.istedfr:
only be used in one possible super-action, usually occur at a [29) V el.c2 . #(el. TopLevelAct) &
hi; level of action abstraction. It is more common for many #(e2. TopLevclAco :) elI = e2 *
uses for an action to occur in the taxonomy. The given hierar-
chy has two distinct uses for the action MvakeMarinara. and this Together with (221 and (281. this implies:
is captured in axiomn (161. From the fact that the agent is mak' [301 K01 =1<02
ing Marinara sauce, one is justified in concluding that an action ?
instance will occur which is eahe, of type *vlakeFettuciniMani- Substitution of equals yields:
nara or of type MakeChickenMannara, 1311 #( K02. MakePastalishl

All these transformations can easily be performed One of the disjointedness amis fromi the onginail action
automatically given an action taxonomy of the form dewcnbed hierarchy is:
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3 #(C. %akePastaDishi 7 Oie. \l Ic.,tL~isht mentation descnbed in section 7 can be viewed as an efficient s.
means for performing the sanctioned inferences

Statements (301. 1311. and (61 let u, kicku'u There is not space here to fullv explain how and why the
133] -01K02. Makee;jtD',hI circumscription works: more details appear in [Kau85] A fari-

lianty with the technica l vocabulary ofcircumscription is prob- •k

134) -,#(K02. MakeChickcnMannara) ablh needed to make complete sense of the rest of this section
Roughly. circumscribing a predicate minimizes its extension.

Finally. (34] and 125] let us conclude that only one plan. which Predicates whose extensions are allowed to change during the
contains both obsenations. is occurring: minimization are said to varv. All other predicates are are
1351 *(K02. MdkeFettuciniannara) called parameters to the circumscription. In anhropomorohic '..\, .'

terms, the circumscribed predicate is trying to shnnk. b .& is

Tempnral constraints did not play a role in these exam- constrained by the parameters. who can choose to take on any
ples. as they do in more complicated cases For example. values allowed by the original axiomatization For example.
obsenations need not be received in the order in which the circumscribing the predicate p in the theory:
obsered events occurred. or actions might be observed in an V x . p(x) E q(x)
order where the violation of temporal constraints can allow the
s~stem to reject hypotheses. For example. if a Boil act at an where q acts as a parameter does nothing. because q can
unknown time were input. the system would assume that it was "force" the extension of p to be arbitraril) large. On the other
the boil act of the (already deduced) MakePastaDish acL If the hand. if q vanes dunng the circumscription. then the or-

Boil were constrained to occur before the initial MakeNoodles. cumscribed theor) entails that the extension of p is .np(v.
then the strong simplicity constraint (and all deductions based As demonstrated abase, the first assumption states that the
upon it) would have to withdrawn, and two distinct tnp level known ways of spc aaiizIng an action are all the ways. Let us
actions postulated call all action t~pes Ahich are not further specialized basic.

Different top level actions (or any actions, in fact) can Then another way of putting the assumption is to say that the
share subactions. if such sharing is permitted by the particular "occurs" predicate. #. holds of an instance and an abstract
domain axioms. For example, suppose even PrepareMea action type only if it hats to. because # holds of that instance
action begins with GooKitchen. and Te agent is constrained to and a basic acuon tpe which specializes the abstract type. So
remain in the kitchen for the duration of the acL If the agent is what we want is to circumscribe that part of i which applies to
observed performing two different instances of PrepareMeal. non-basic anion types. This can be done by adding a predicate
and is further observed to remain in the kitchen for an interval which is true of all basic action instances, and to let this predi- . •
wnich intersects the time of both actions. then we can ..educe cate act as a parameter during the circumscription of #. n our
that both PrepareMeal actions share the same initial step. This example domain, the following two statements. which we will 4. _, ./
example shows the importance of including observations that call *,. define such a predicate.
ce.-taJn states hold over an interval. Without the fact that the Let ,I, = V s basicls) • ,, . -
agent remained in the kitchen, one could not conclude that the = MaeFettuciniMarinara v

two PrepareMeal actions share a step. since it would be possible ,= Boil V
that the agent left the kitchen and then returned. A

6. Closing the Action Hierarchy V e.i . ghasicfe.i) E Ole.%)& basict)

Our formulation of plan recognition is based on an expli- KB1 is the set of axioms which m:kc up the original action
citly assering that the action hierarchy (also commonly called hierarchy. KB2 is hen deiined to be the circumscription of #
the "plan library") is complete. While the transformation of relative to KBI together with *. where all other predicates
the hierarchy into a taxonomy can be automated. some details (including #basic) act as parameters
of the process are not obvious, it is not correct to simply apply KB2 = Circumscrib'(KBI U *. 0)
predicate completion. in the style of 1Ca0)81. For example.
even if action A is the onlh act which is stated to contain act B Interestingly. the process works even if there arc many levels of
.s a substep. it may not be'correct to add the statement abstraction hierarchy above the level of hasic actions. Note that

V e a s (e.B)D 3t may not b e thbasic actions (such as Makeoettuciniannaral may be decom- y
V e- #(e.B) :D 3 el .#(el.A) posable. even though the arc not further specialied.

if there is some act C which either spcciilics or gener:iliues B. The second assumption states that any non-top-level action
and is used in an action other thain A. -or e,.iipl. in our occurs only as part of the decomposition of some top-level
actiun hierarch%. the only exphci mention of IakcSauce action. Therefore we want to circumscribe that part of #
appeiarsin the decomposition ot \1akcP.LaDish But the tax- which applies to non-top-level actions. This can be done by ,
onomy should not contain the st;tcmcnt adding a predicate to KB2 which is true of all top-level action .

V e. #(e. MakeSauce) -:' instances, and circumscribing # again. The predicate #basic • S

3 a. #(a. AkCPLiDish) & c=S0..0 added above must be allowed to vary in the circumscription.

because a particular instance oi MakeSauce ma% also be an Let* = V e . #toplevel(e) D O(e.TopLevelAct) ,

instance of MakeMannara. and ixcur in the dcconsposition of
the action MakeChickenMannara. Onl the weaker statement KB3 = Circumscribe(KB2 U *. 0. *basic) %

V e. #te. MakeSaucel D As before. the process can percolate though many levels of the
3 a. (#(a. MakePaNtaDishl& e=S(3.a) v action decomposition hierarchy. Note that the concepts basic

i(a. MakcChickenMannara)& e5=S. action and top-level action are not antonyms: for example. the .
[(a.b corrkecthweenar to ier from (an type MakeFettuciniMarianar is basic (not speciaizable). yet any

is justified It iuld be correct. however. to infer from an itance of it is also an instance of TopLevelAcLobsernauon of MakeSauce which is known not to be in '
obsuratiori of Makeaucer whithat is known nosh tobers n Circumscription cannot be used to express the simplicity - .\Ns V
instance of MakeMarinara that MakePasaDish occurs. constraint. Instead. one must minimize the cardnality of the %

We would like. therefore, a clear understanding of the extension of #. lifter the observatons arc recorded. (KauSS] ,." "
semantics of closing the hierarchy. McCarthy's notion of describes the cardinality-minimization operator. which is simi- *', £\f. 4 \

minimal entailment and circumscription IMcC85] provides a lar. but more powerful than. the crcumscripon operator. 'p .- "
semantic and proof-theoretic model of the process. The imple- ' ."* :' .' -
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7. Imnplementation Conideations theorem prover which handles equality (AII,4aD have been
developed in previous work at Rochester. and construcuon of 001%%

The formal theory described here has given a precise theompleteimplementtion is under way
semantics to the plan recognition reasoning process b) specif)- copeeipeetto
ing a set of axioms from which all desired conclusions may be
derived deductively. Although no universally-applicable Reerece"
methods are known for automating circumscription, b% placing All83. James F. Allen. "Recugnizing Intentions from Natural '"

reasonable restrictions on the form of the action hierarch Lan uage Utcrances.' in C ompuioanunal odeis ofDuco&,wre. %' W

auoims. we can devise a special-purpose algorithm far comput .- ed. to Brady. MI11I', 1983. O

ing the circumscriptions. As a result. in theory we could sirnpl% Al183La. James F. Allen. "'laintinin Kno%%Icdgc Ahwlut remporal
run a general purpose theorem prover given the resulting Intervals." Comsiunica:ions ol the .4( if. no. 26. pp. 832'843.
axioms to prove any particular (valid) conclusion. In practice. Nov 1983.
since we often dont have a speofic question to ask beyond A1184. James F. Allen. 'Ioiirds a Gcncrai lhcor of Action and
"what is the agent's goal?" or "what will happen next?", it is Time,** Arnticial I'ellience. vol. 23. no. 2. pp. 123-154. July
considerably more useful to design a specialized forward chain- 1984.
inlit reasoning pr'oess that essentially embodies a particular Cha85. Eugene Chamiak and Drew McDrmottL lntroductrn to
inference strategy over these axioms. Arificial Intelligcn r. Addison Wesle%. Reading. MA. 1985.

We are in the process of constructing such a specialized Cla78. K.L. Clark. "Negation as Failure." in Logic and Databases.
reasoner. The algorithm divides into two components: the ed. J. Minker. Plenum Press. New York. 198.
preprocessing stage and the forward-chaining stage. The Huf12. Karen Huff and Victor Lesser. "KNOWLEDGE-BASED,
preprocessing stage is done once for any given domain. The COMMANI) UNI)ERSTAN)ING: An Example for the RV .

two completeness assumptions from in the nre.:3,s section are Solware Development Environment." Technical Report 82-
realized by circumscribing the action hierarchy. The result of 6. Computer and Information Sciences University of Mas-

the circumscription can be viewed as an enomiously long logi- sachusetus at Amhcrs. %mhert. MIA. 1982. ",

cal formula, but is quite compactly represented h% a graph Kau85. Henry A. Kauu. "loward a Theorv of Plan Recognition." id.

structure. * TR162. Department of Computer Science. University of @'

The forward-chaining stage be~ins when observation,, are Mc8.Jh caty "plctoso icusrpint omlrecei, ed. This stage incorporates the asurnption that as I' e% McC85. John McCarthy, "Applications of C 'ircumscnpuon to Formal-"t,,
receved Ths sageincrpoate e ssuptin t~ita~ evizing Commnon Sense Knowledge. in Proceedings from the

top-level acts as possible are occurring. As each obscrvaton is Nion.ono onc Reonse norshop. AAAI. Oc 1985. ..

received, the s~stem chains up both the abstracion and decom-

position hierarchies. until a top-level adlion is reached. The Pol84. Martha E. Pollack. "Generating Expert Answers Through • •

intermediate steps ma, include many disjunctive statements. Goal Inferznce." PhD Thesis Proposal. Department of Com- Rep• - puter Science. University of Pennsylvania. Aug~ust 1983. ,,i ",% e , . ,

The action hierarchy is used as a control graph to direct and lanuary S94. DRAFT of ensyvaia.Auus 183
limit this disjunctive reasoning. After more than one obstrva- dn dI R
tion arrives, the system will have derived two or more (eisten- Sid nt. Candace L. Sidner and Davd J. Israel. "Recognizing '

tially instantiated) constants which refer to top-level actions. Intended Meaning and Speakers* Plans." 1JCAi. 1981.

The simplicity assumption is applied. by adding a statement Ten86. Josh D. Tenenburg. "Reasoning Using Exclusion: An Exten- -%4

that some subsets of these constants must be equal. Exclusive- sion of Clausal Form." TR 147. Deparnment of Computer

or reasoning now proagates down the hierarchy. denving a Science. University of Rochester. Jan F986.

more restrictive set of assertions about the top-level acts and Wil83. Robert Wilensky. Planning and Understanding Addison-
their subacts. If an inconsistency is detected, then the number Wesley. Reading. MA. 1983.
of top-level acts is incremented, and the system backtracks to Al184a. James F. Allen. Mark Giuliano. and Alan M. Fnsch. "'The A
the point at which the simplicity assumption was applied. HORNE Reasoning System." TR 126 Reised. Corriuter

This description of the implementation is admittedly Science Department. University of Rochester, Sept 1984.

sketchy. Many more details, including how the temporal con-
straint propagation system integrates with the forward-chaining
reasoner, will appear in a forthcoming technical report.

8. Future Work
Future work involves completing the theoretical founda-

tion. and building a test implementation. 4*

The theoretical work includes a fbrmal specification of the e
form of the %-tion taxonomy so that its circumscription can
always be effectively computed. Theorems guaranteeing the
consistency and intuitive correctness of the circumscription will
be completed.

More complex temporal interactions between simultane-
ously occurring actions will be investigated. We will show how
the framework handles more complicated examples involving
step-sharinp and observations received out of temporal order
(e.8. mystery stories). It will probably be necessary to develop
a slightly more sophisticated simplicity constraint. Rather than
sutin" that as few top-level actions occur as possible. it is more • ,
realistic to state that as few top-level actions as possible are
occurring at any one time. In addition, observations of non- % e.'1, " '
occurrences of events (e.g. the agent did not boil water) are an
important source of information in plan recognition. Non-
occurrences integrate nicely into our framework.

Many of the subssstems that are used b) the plan recog- ,.

nizer (such ds a temporal reasoner (Al183aI. md a lisp-based
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Appendix A-5

A Formal Logic of Plans in Temporally Rich
Domains

r"-SA

RICHARD PELAVIN AND JAMES F. ALLEN

Theis paper outlines a teporal logic extended with two miodal'- while it is raining. The actions that the agent can perform
ties that can be used to support planning in temporally nich -0 might include "walking from home to the bank" which
Mins. In paritila, the logic can represetnt planning eniront- tae10mnndtkignumel"whhca edn
merit that have sassertions about future possibilities in addition to tae10mnnd"kignubrl"whccnbeoe
doe present state and plans that contain cncurrent actions. The as long as. prior to execution, there is an umbrella at the
logic is particula rly expresien the ways that concurrent actions same location as the agent.
can fitractitaheach other and allows situations whet either one Our formal language must be able to express sentences
taf the acesam can be asecusod, *ut both cannot, aswell as situ- dsrbn h lnmgevrnmnterl n h c
bons where neither action can he executed alone, but they can be a~gtepnngeviom thgaladtea-
done together. Tvwo mnodalities are introduced and given a formal tion specifications. We will See that this logic diverges from
semntics: INEV exprestet simple temporal possibhv, antd IT' traditional approaches because we are considering plan,
*1WD expresses counteri actual-ike statements about actions. ning problems where the world may he aftected by events

I. lvnxooc'ri~v~eother than the agent's actions. Such a logic must allow us ''-

1.ITMCINto represent statements about external events that will oc- "

This paper presents a formal logic that provides a foun- cur during plan execution and statemnents describing the
dation fora theotyof plans in temporally rich domains. Such interaction between a plan and the external world in which
domains may include actions that take time, concurrent ac- it is being eaetited, In addition, we are considering plans
tions, and the simultaneous occurrence of many actions at with concurrent actions and, therefore, our logic must be
once. This also includes domains with external events. i.e., able to represent concurrent actions and their interactions,
actions by other agents and natural forces, that the plane such as resource conflicts. By treating concurrency, we will 0nnr be able to reason about a robot agent that has multiple ef-may need to interact with in order to prevent some event, ferdvcsta a eoeaigsmlaeul.Fr
insure the successful completion of some event, or to per- throewecnratpnsobeitvexuedya i
form some action enabled by the event. temrw a ra ~n ob onh xctdb

In general, a planning problem can be specified by giving goroupg thf i cooprt agnt that pare staeosypr
a description of desired future conditions tthe goal), a par- fomnhi w pno h ln
tiall description of the scenario in which the goal is to be Situation Calculus and the State-Based Planninsg Paradigm
achieved twhich we will call Us iua mowef.and
for each action that the planning agent can execute, a spec- 'One of the most successful approaches to representing
Ification of its effects and the conditions under which it can events and their effects in Artificial Intelligence has been
be executedf(which we will call 11e acion speciicadmsa) The situation calculus [121. in this logic an event is represented
planner must find a collection of temporally related actions by a function that takes a situation, ie.. an insstantaneous
(the plan) that can be executed and if executed would snapshot of the world, and returns the situatioin that would
achieve the goal in any scenario described by the planning result from applying the event to its argument. Events can
environment, For example, considersa goal togo tothe bank becombined to form sequences. The result function forthe
before it closes at 3:00 without geting wt even though it sequence e,; et - - ie. is recursively definsed as the result
is going to rain. The planning environment might be the of executing e,; - -- ; e. in the situation that results from
following: at230, the time of planningthe agent !sat home, applying e, to the initial situation,.
an umbrella is in the house, it will start to rain before 3,-00, Situation calculus has given rise to the state-based pilan-rr
and the agent will get wet If it is outside without an umbrella fling paradigm which has the following foran: Given a set

55 of sentences describing conditions that awe iintially truit and
5? Manuscript retvived Mary 1, TIM; revised April 1, 1966. Theais-o astoofsentences describing goal condions to be acheved. iy. 1

"4arch was supportedin pan by the toeaAir eveopentCnter a sequence of actions must be found that when applied to p.
under Grant SU 353-9023-6 and in part by the National Science an siuto hr *h.iiilCniin hl ilsastFoundation under Grant OCR-6=1415l.ansiutnwhrthintlcodtnsodyedsaet

The authors are with the Department at Compueter Science, The, uation where the goal conditions hold. This approach is lim- 14
Uiersity of Rochester, Rochester, NY 14627, USA. ited since the description of the planning environment con-r._
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lists Only of statements about the initial situation, i.e., the our logic must represent the interactions between con-
situation that holds just prior to plan execution. As a result, current actions, some examples being:
this framework is adequate only for planning problems
where all changes in the world result from the planning There is only one burner working and only one pan
agent's actions. Conditions t.at are true in the initial sit- can be placed on it at one time. Thus only one dish can ,
uation will remain true until the agent performs an action be cooked at a time.
that negates it, and thus the future is uniquely determined " The agent can always carry one grocery bag to the car,
by the initial situation and the sequence of actions per- but can only carry two when it is not icy out.-
formed starting from this situation. * The agent can move forward at any time, move back-

This simple type of planning environment is not suitable ward at anytime, but cannot do both simultaneously. up
for planning problems where the world may be affected by
external events, as well as by the planning agent's actions. Automated Planning Systems
Examples of conditions that we want to handle that cannot
be represented in the simple state-based model include: Most domain-independent planners are essentially state.

based planners, or limited extensions of the statebased ap-SThe bank is going to open at 9:00 and will cloe at 3:00. proach. All these systems model actions as functions thatIt will possibly start raining any time between 3:00 and transform one instantaneous state into another. The ances- S •
4:00. tor of all these systems is the STRIPS planner 16).

* If the agent is outside without an umbrella while it is The type of planing problems handled by STRIPS is ex-
raining, the agent will get wet. actly what we have described as the state-based planning .1, .

* Itispossiblethatthecanof paintsittinginthedooway paradigm. The major contribution made by STRIPS is the
will be knocked over if the agent does nothing about so called "STRIPS assumption" to handle the frame prob-
it. lem, that is, the problem of representing that an action only

The type of goals considered in state-based planning are effects a small part of the world. Thus if situation s, is the
also very limited. Goals are just conditions that must hold result of applying action a, in situation so, then se and s, will
at the completion of plan execution. In this research, goals be very much alike. In STRIPS, an action is defined as or-
may be any temporally qualified propositions describing dered triplet consisting of a precondition list, add list, and *. . \
conditions in the future of planning time. Thus oals might delete list, each member of these lists being atomic for- . -. ,
involve avoiding some condition while performing some mulas. An action may be applied in any state s where all its
task, preventing an undesirable condition that possibly will preconditions hold yielding a new state that is computed
happen, or the achievement of a collection of goals to be from s, by adding only the formulas on the add list, and
done in some specified order. Examples of these types of deleting all the formulas on the delete list. Implicit in this %
goals are: treatment is that any formula that is not explicitly asserted , , ,

in a state is taken to be untrue. This allows one to avoidDonotdamagethe tapeheadswhilerepairing thetpe explicitly specifying negated atomic formulas. • .--deck.Also in this class are the nonlinear hierarchical planners
Preventin Tom fro entris thes rroothPreventing Tom from entering the room, descending from NOAH 116; the fact that they are nonlin. 06

* Get to the gas station on the way to driving to school ear and hierarchical does not make them any more ex- , iq'
(ordered goals). pressive than STRIPS since these terms refer to the control

More precisely, goals are temporally qualified propositions strategy, rather than the representation of plans. While oneL
that partition the set of possible futures into the set of pos- might argue that the notion of a procedural network gives
sible futureswhere the goal holds versus the set of possible us added representational power since it embodies a no-
futures where the goal does not hold. This rules out goals tion of hierarchical plans that are partially ordered, formally
such as "finding the best way to achieve ... " which pre- they are just descriptions of the set of linear sequences
supposes some utility measure or precedence ordering re- formed by atomic actions that can be decomposed from the
lating the possible futures. Our notion of goals are just black hierarchical descriptions and meet the partial ordering.
and white. Either a future is good, i.e., the goal holds in it, There have been a number of domain-independent plan-
or it is bad, i.e., the goal does not hold in it. ning systems that have handled a larger class of planning

Finally, in the state-based approach, the type of plans that problems than STRIPS. Wilkins' SIPE (201 and Vere's DE-
can be handled are limited to sequences of actions to be VISER (191 are two of the most sophisticated types. SIPE can
executed in the initial situation. Therefore, plans contain- handle plans with concurrent actions. The collection of ac-
ing concurrent actions and plans that have an execution lions making up a plan are only partially ordered. Any two
time that starts laterthan the initial situation are not treated, actions where one is not ordered before the other are con-
These restrictions come about because it is impossible to sidered to be in parallel branches. Wilkins introduced the
represent concurrent actions in situation calculus. Sec- notion of resources to reason about the interaction of par- i, .
ondly, in situation calculus planning problems, there is no allel actions. A resource is defined as an object that an ac-
need to treat plans with execution times that will start later tion usesduring its execution. It two actions share the same . ,, -.
than the initial situation. Since in this paradigm all changes resource, they cannot be executed in parallel. Thus order-
in the world are due to the planning agent, it makes no dif- Ing constraints are imposed (if possible) to insure that any
ference as to whether a plan is immediately executed or two actions that share a resource are not in parallel
whether it is executed at a later time; the world will not branches.
change until the plan is started. Wilkins points out that although resources used in his

Since we will be handling plans with concurrent actions, system are very useful, they are still quite limited in that
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they do not allow one to treat things such as money or com- terval. Therefore, one can treat concurrent actions by as-
putational power as resources. They also cannot be used setting that two actions occur over intervals that overlap in
to encode actions that conditionally interact, such as the time.
example we posed earlier where the agent can carry two McDermott alsoequatesan eventwith the setof intervals
bags only if it is not icy out. overwhich theevent isoccurring, but his notion of intervals

Vere's DEVISER system can represent a planning envi- is slightly different. While Allen's logic can only express
ronment where there are assertions about future events. In statements about what is actually true, McDermott's logic
this system, a time line is modeled by the nonnegative real is based on a world model where there may be many pos-
numbers, zero being the time of planning and positive real sible futures realizable from a particular world-state (an in- .%,
numbers being future times. The system can represent that stantaneous snapshot of the world). A world model consists

an event not under the control of the planning agent will of a collection of world-states and a "future relation" that
occurstartingatsomespecifedmeand.endingatanother arranges the world-states into a tree-like structure that
time. One can specify that some goal condition must hold branches into the future. Each branch, which McDermott
between two time points. Verecalls the time points in which calls a chronicle, represents a possible complete history of
a goal is to be achieved the goal's (time) window. A goal can the world extending infinitely in time. A global time line is
betheconjunctionoftwoor moreconditionsto beachieved associated with the real number line and each world-state i
simultaneously within one window, or conditions to be is mapped to its time of occurrence. Because world-states
achieved at different times, thus each condition has its own in different chronicles may map to the same time, one can-
specified window, not equate the intervals over which events occur with tem-

Vere's treatment of time is in terms of an absolute scale poral intervals in the global time line. Specifying that an
and does not provide a general representation allowing rel- event occurs over a temporal interval does not tell which 4

ative temporal orderings. For example, it does not handle chronicles it occurs in. instead, intervals are associated with
goals such a : get to the gas station before getting to school. totally ordered convex sets of world-states Iwith respect to
Furthermore, there is no way to represent that two actions the future relation). In other words, intervals are contig-
must be nonoverlapping. If two actions, a, and 82 in a plan uous blocks of world-states that lie along some chronicle.
being constructed must be nonoverapping one of the ac- Both logics can be used to describe the outside world,
tions must be constrained to end before the other begins, but without extension neithercan be used to represent what
In many cases, the choice as to whether a, is constrained can and cannot be done by the planning agent. This is es-
to be earlier than a2. or a, is constrained to be earlier than sential for a planning system where one must reason about
a,, must be made arbitrarily. If a bd choice is made, the the effects of the various actions that can be executed.
system would have to backtrack. The treatment of external Our formal logic of plans is based on Allen's temporal is

events is also limited. One cannot represent that some ex- logic, extended with a modality to express what the agent
ternal event will start any time between 2:00 and 2:1S, the can and cannot do and a modality that represents future
exact start and finish time must be given, possibility. We introduce a new type of object called a plan

Both Vere's system and Wilkins' system can be viewed instance that refers to an action at a particular time done
as adhoc extensions to the simple state-space planning par- in a particular way. These objects are discussed in the next
adigm. They use a conception of actions that arises directly section. Following this we give a brief description of Allen's
from situation calculus; namely, that actions transform one logic and show why it must be extended with these two mo-
state into another. This is manifested in that both systems dalities. We first extend Allen's logic with the inevitability
specify actions by giving what is essentially precondition- operator arriving at a logic that is similar to McDermott's
add-delete lists and using a STRIPS-like assumption to han- 1131 and Haas's [91 and show why this is insufficient to rep-
dIe the frame problem. It will be argued that the STRIPS resent what can and cannot be done. We then introduce
assumption is inappropriate for any planning system that a modality called IFTRIED that represents what can and can-
treats either external events or plans with concurrent ac- not be done. IFTRIED expresses counterfactual-like state-
tions. By explicitly designing a logic that represents con- ments of the form "if the agent were to attempt to execute
current events, we have arrived at a conceptually different plan instance pi then P would be true. Examples are pr%-
way of looking at the frame problem and specifying frame sented illustrating how different types of goals may be rep-
assumptions. This will be described later after the logic is resented. This is followed by a section that describes the
introduced. conditions under which two plan instances, concurrent or

not, can be jointly executed and how plan instance inter-
An Overview of the Approach actions, such as resource onflicts, may be represented. We

then present a simple planning example which leads into
Recently, Allen [3] and McDermott [131 have presented a discussion on how the frame problem manifests itself in

logics of events and lime where events are not simply our logic. Finally, we give the semantic model and inter- _
treated as functions from state to state. In both these treat- pretation for our two modalities.
ments, a global notion of lime is developed that is inde- The following notational conventions will be used
pendent of the agent's actions. In Allen's logic, there are throughout the rest of the paper. Sentences and terms in
objects that denote temporal intervals which are chunks of our formal language, which is a quantified modal language, .. ,
time in a global time line. An Event is equated with the set will be given in LISP-type notation. For example, the for- . '
oftemporal intervals over which the change associated with mula (P a) refers to the unary predicate P with argument a.
the event takes place. Thus there is a notion of what is hap- All variable terms will be prefixed with a °?." We will as- 9
pening while an event is occurring. Secondly, there may be sume that all free variables in a statement are implicitly
a number of events that are occurring over the same in- bound by a universal quantifier. The logical connectives, = ,
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will be specified by-. AND for conjunction. OR for con- of execution. If this were so, a plan instance that was the
junction, IF for material implication. IFF for equivalence, v composition of two distinct plan instances with overlap-
for the universal quantifier, and I for the existential quan- ping times could never occur under any circumstances. For
tifler The formula I- gttI,) will be used to mean that t, and example, consider the plan instances "the agent is grasping
#3 denote the same object and (III t, t1) will be used to mean objectl in its right hand during interval I" and "the agent
that I, and t2 denote distinct objects. When we discuss the is graspinS object2 in its left hand during interval I." If plan
semantics for this logic in Section V, the functions and re- instances are taken to be complete specifications then we
lations in ihe semantic model will be given in the conven- couldequivalentlydescribetheseplaninstancesas"during a
tional notation in logic (e.g., "4(x)," "R(a. bI" etc.). interval 1, the only action the agent performs is grasping ",J' J,

objecti in Its right hand" and "during interval I. the only
It. PUIA41MaitS action the agent performs is grasping object2 in its left 6

hand." Clearly, these two plan instances could neve occur
together and therefore their composition could never oc- . "

In our theory we introduce objects catlled plan irutanca cur..., ,
that refer to an action at a particular execution time done "
in a particular way. A plan instance's execution time is a The STRIPS Assumption
temporal interval specifying the time over which the plan
instance would occur if executed, not just a time point spec- Implicit in the STRIPS assumption is that actions are com-
ifying the time that execution would begin. If we wanted plete specifications of the agent's behavior over their time
to formally introduce plans, they would be functions from of execution (Georgeff 18) makes a similar point). This leads
intervals to plan instances, to problems in planning problems with concurrent actions
In situation calculus, one could get away with being and external events. We can paraphrase the STRIPS as-

vague as to whether an action refers to a behavior done in sumption as saying: if condition C holds at a time just prior
a particular way or whether i refers to a whole class of be- to action I's execution, and a,'s effects do not negate C,
haviors. This is because there is no notion of what is hap. then C will be true at a time immediately following ai's ex- .
pening during the time of execution: as long as two par. ecution. This presents a problem if we have two concurrent
ticular behaviors have the same preconditions and effects actions and we apply the STRIPS assumption to them sep- . ,,. .

they are indistinguishable in situation calculus. In a more arately. Suppose at a particular time 1, P, is true. Consider ,
general model, however, this distinction becomes con- two actions, a, and a,. having the same duration and both
spicuous since one can represent what is happening while having the preconditions that IIIis true, Let the effects of I

a plan instance is being executed. Consider a simple scen- a, be that P, is negated and the effects of&a, be that III is madeI
ario where there are two paths of equal length going from true. Using the STRIPS assumption to compute the effects
location A to location B. Let us refer to these paths as P, and of executing a, starting at I. we get that P, is negated at a
P1. When talking about the effects of "go from A to B during time immediately following &I's execution which we will
interval I," one must be clear as to whether it refers to a call time I,. Similarly, using the STRIPS assumption to corn- -

particular way of going from A to 8 during I (i.e., whether putetheeffectsofexecuting, startingat, Wegetgthal both
it refers to going down path P,, or going down path Pz), or P, and P are true at t, the time immediately following a?'s %. %
whether it refers to taking either path during I. If it refers execution. This, of course, is a contradiction, P and its ne-
to a particular behavior, one can simply talk about its ef- gation cannot both hold at the same time (i.e., at II)..
fects. If on the other hand, "go from A to 8 during f"refers Problems also arise if the STRIPS assumption is applied
to a class of behaviors, one must distinguish between say- In a planning environment where there are external events.
ing "no matter how it is done, EFF will be true" and saying For example, suppose that at time ta it is asserted that it is
"there is a way that it is done such that EFF is true." In this raining outside. Consider action a, that can be applied at
example, it is correct to say that there is a way for an agent time t and if it is executed will complete at time ,. If we
to do "go from A to 8 during I" such that this agent is on assume that it is out of the agent's control as to whether or
path P, during I, but incorrect to say that no matter how an not it is raining, the effects of a, will not negate the con.
agent does "go from A to B during I," this agent is on path dition "it is raining." Thus by the STRIPS assumption, if a,
P, during I. Plan instances are defined as "particular ways is executed starting at time , the result is that it is raining 0 "i, l' l

of doing something" since this is more primitive; later on, out at time (2. This is unacceptable since, independent of
plan types referring to "classes of behaviors" can be in- the agent's actions, it might stop raining sometime before .e

troduced. defined in terms of plan instances. t,.
Any two plan instances can be composed together to form Automated planning systems that use the STRIPS as- •

a more complex plan instance. A composite plan instance aumption avoid the above problems by restricting the type
occurs iff both its component parts occur. By composing of planning problems that can be handled. Clearly, the
plan instances, plan instances containing concurrent ac- "concurrent action prol~lem" does not arise if plans are fin
tions can be formed, as well as plan instances that are es- ear sequences of actions. If plans are treated as sets of par-
sentially sequences of actions, and plan instances that con- tially ordered actions, the concurrent action problem can
fain two components with gape separating their execution be avoided by making the assumption that the plan will be
times. In particular, plan instances that have concurrent linearized before execution. Wilkins' system [201 does not
actions can be formed by composing two plan instances make this assumption: if two actions are not ordered then
that have execution times that overlap in time. It is possiblethat theywill beexecuted in parallel. l,.there-

It is important to point out that a plan instance is not a fore, had tointroducethe"resourcemechanism"tohandle
complete specification of the agent's behavior over its time conflicts between concurrent actions. As previously men.
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tioned. this mechanism only handles interactions of the long to the event instance sort), properties, and objects in , -.
form:actionaand actiona asharethe same resource.There the domain. A small number of predicates are introduced
is no general notion of parallel action interactions, to specify the temporal relation between intervals, to spec- 

Clearly, the "external event problem" does not arise if ify that a property holds over an interval, and to specify that
we are planning in a world where all changes are caused an event instance occurs. We also introduce symbols to de- "S
by the planning agent. On the other hand, in a system such note the function that specifies an event instance's time of
as Vero's (191 that represents external events, one must be occurrence and the function that composes two plan in-
careful in specifying the planning environment. All external stances. We now give the syntax the fragment which we will
events that affect the value of any external property (i.e., a refer to as interval logic.
condition out of the agent's control) that is specified in the There are thirteen different ways in which two intervals
initial situation must also be included in the planning en- can be temporally related. These are described in detail in
vironment description. For example, if it is asserted that I1 and so will not be repeated here. In this paper we will
"the bank is open" holds in the initial situation, it is nec- lust introduce interval relation predicates as needed as they
essary to include the external event that negates this prop- come up in the examples. Two interval relations that will
erty at the time when the bank is closing. If this is not done, be used frequently are: (PRIOR i, i l ) which means the in.
we would get the spurious result that the precondition that terval denoted by il is before or immediately precedes
the bank is open is always satisfied. (meets) the interval denoted by it and (ENDS-BEFORE i, il)

To trace the root of the problem with the STRIPS as- which means that the interval denoted by il ends before or
sumption, let us look at a state-based representation, such at the same time as the interval denoted by i:. The HOLDS
as situation calculus, forwhich the STRIPS assumption was predicate is used to assert that a property holds over some
originally intended. Implicit in any state-based represen- interval. The formula (HOLDS p i) means that the property .
tation is that each action is a complete specification of what denoted by p holds over the interval denoted by i. It is a
goes on from one situation to the next. One could re-in- theorem that if a property holds over an interval, then that
terpret s, . RESULT (a, hg) (i.e., s, is the result of applying property holds over any interval contained in this interval.
action a, In so) as saying that the result of doing 2ny a, in The 0CC predicate is used to specify that an event instanct
so results in situation s,. The fact that most things do not occurs.The formula(OCCei)meansthattheeventinstance
change in going from sqtos, is not reallydue to the fact that denoted by ei occurs. There is no need to say that it occurs
a, is done, but instead to the fact that all actions other than over some interval since there is a time of occurrence as-
a, are not done. Most things stay the same because of these sociated with each event instance. We will use terms of the
nonoccurrences. That is, given any property p holding in form "ei" to refer to an event instance or plan instance
situation s, there is a set of actions (a,, - - - a. ,) (possibly whose time of occurrence is denoted by i. The function term
empty) that make this property false upon execution in sit- (TIME-OF e) denotes the time of occurrence associated with '
uaton s4. if at does not belong to this set then p will also the event instance denoted by ei, thus we have I- ITlMI-
hold in the situation RESULT (I,, so)due to the fact that none OF e@i). Finally, the function term (COmP pi, pi, I denotes
of the actions in Ia,, - - - , ,) are executed, the plan instance composed of the plan instances denoted

Thus the problem seems to be that the conclusion made by pi, and p2 . This is the plan instance that occurs iff its
by the STRIPS assumption is attributed to the execution of component parts both occur together. The time of occur-
the action, not to the nonoccurrence of any action that can rence of a composite plan instance is the smallest interval
negate p. In effect, the STRIPS assumption is hiding the real that contains both its components' times of occurrence.
reason why a property remains true from situation to sit- Throughout the rest of this paper we will be more cavalier
uation. We will explicitly treat plan instances that refer to In treating the use-mention distinction and, for example,
nonoccurrences and do not have to resort to a STRIPS as- will use "plan instance pi" in place of "the plan instance
sumption. Ina later section, we discuss howthe frameprob- denoted by pi."
lem manifests in our logic and show the use of treating non- In laying out this theory of time, Allen did not distinguish
occurrences. Georgeff (81 also presents an approach for an actual time and as a consequence there is no formal no- -
handling the frame problem without appealing to the tion of the present, past, or future in this theory. For aim-
STRIPS assumption. His approach is similar to ours only in plicity, wewill assumethat the specification of the planning
the fact that he also treats actions as partial specifications environment includes the designation of the interval that
over their time of occurrence (although he does not de- represents the time of planning. Throughout the rest of this
scribe it in these words). paper we will use "future plan instance" to refer to a plan

instance with an execution time later than the time of plan-
ning, use "past condition" to refer to conditions that hold

Temporal Intervals, Ptperies, and Event Instances earlier than the time of planning, use "current time" to
The starting point for our logic is the treatment of action mean "the time of planning," etc.

and time described in 131. This logic is cast as a sorted first- Allen's treatment of time can be characterized as a linear
order logic with torms denoting temporal intervals, events, time logic. Temporal assertions are only about what is ac- .,$

properties (static conditions that hold or do not hold over tually true; there is no notion of what will possibly happen
intervals), and objects in the domain. We will slightly mod- orwhat possibly happened, When planning, the agent must
fy this theory by considering other event instances which be able to reason about how its actions can bring about dif-
refer to an event at a particular time. Thus we start with a ferent future possibilities. Thus a logic to be used for plan-
sorted first-order language with terms denoting temporal ning must be able to represent some form of possibility. We
intervals, event instances, plan instances (which also be- will extend interval logic to achieve this end. " _
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Ill. A Locic: Poe PLANNINc ments of the form: (iNEVi IL where IL is an interval logic

We emtend interval logic by introducing a temporal mo- statement. Htaas (91 who has an operator Similar to INEV ~ ',
dality. INEV, referred to as the inevitability operator. The elaborates on this argument and claims that most of the
modalstatement (INEVferrd to as th a taiterato. modal reasoning needed to do planning (in his totem? re-

ment Pis inevitable, or equivalently, regardless ofwhat pos- quires only first-order theorems applied wit hi some modal

sible evwents occur after i, Pis true. It intervals il and i2 finish context. The same argument can be used in out case.

at the same time, then (INEVi ,I, is true iff (INEV iz P) is true. Interval logic extended with the INEV operator can be

This is because the same events that are in the future of, viewed as a variant of a future branching time logic. These % al
are in the future of i3. The possibility operator P05 is the aretemporailogicsinwhichonecanmakestatementsabout

dual of INEV for a fixed time. Thus it Is defined in terms of future possibility. Typically, these are modal languages with

INEV which is given by- semantic models that consist of a collection of world states
(i.e., instantaneous snapshots of the world) arranged in a

IPOS i P) - ,(NOT (INEV i (NOT P)). tree-like structure that "branches into the future." Each
can branch is a possible history of the world, that is, a totally

Theorems involving IN f are given in Fig. 1. INEV1 ordered set of states extending infinitely in time. The set
be roughly restated as saying if it is possible that property of branches passing through some world-state are all the

possible futures realizable from this world-state.

The logic consisting of interval logic and the INEV op.

~wEv) erator, however, does not have instantaneous world-states.

( stNov41oas Instead, the semantic model contains world-histories which
t.I', (,i.oLs9c1 . ,,l) are complete histories of the world extending throughout

Nm, time and in the object language, there are temporal interval

OF (I 1 fterms that refer to particular times in a world-history. All
W ,(OC .1 ostatements are interpreted with respect to a world-history. S

(Vu y '(.CC ,IV) The truth value of a nonmodal statement (i.e., an interval

elogic statement) at world-history h, is only dependent on
tV tI0 i, . M the event instances that occur and properties that hold in

UNyV 12 I'M ho Thus interval statements are about what is actually true.

ft4) The truth value of a modal sentence at ho depends on world.
(WOWv. (r Po i histories that are accessible from the ha. This will be dis-
10 ivd5 V( 1 ,U) cussed in detail in the last section of this paper. Suffice to

tsay that the accessibility relation in terms ot which we in-
OF (Rav ,.)t Mt terpret INEV relates world-histories that have a commonam pas mt. 7
OF MY. v P) Interval logic augmented with the I NEV modality can rep.

Otiv.,iNIV.,). resent statements describing what is inevitable at time i. ,

Way7 what is possible at time i, and also, what is actually true. This
S(0ot ., ( poses a slight problem. What does it mean to say that some

course of events will possibly happen while also asserting
, w." . n, t . . W".10 ws. ..i o., I. that another course of events will actually happen? One an- .,j,

Weer to this is that possibilities are what could have hap.
pened. If this is the case, why should a planner worry about

t. The axionauuteon Of INEV. something that is possibly true if it is asserted that it is ac-
tually false?

pheld in thepastor holds in thepresent,the' it is inevitable Thomason (6a describes a formal technique for avoiding
that property p held in the past or holds in the present. theabove problem (although his motivation fordeveloping
INEV2 makes a similar claim about event instances with past the machinery is different from ours). We will not present
orpresenttimesofoccurrence. INEV3capturesthefact that this method here, but will do something that for our pur-
If a statement is inevitable at time i, then it is inevitable at poses is equivalent. We will assume that the description of
all later times. INEV4 says that material implication distrib- the planning environment consists entirely of modal state-
uses out of INEV. INEVS says that what is inevitable at any ments. Thus there will be no assertions about something
time is actually true. INEVa and INEV7 stem from the fact that is actually false but possibly true. In solving a planning
that INE V is an SS modal operator for a fixed time point. We problem we will be looking for a plan instance pt such that Z
also have the rule of inference: if P is a theorem then (INEV at time I, it is inevitable that pi achieves the goal, not simply
I P is a theorem, for all interval terms ,. possible that po achieves the goal.

An important property of the INEV operator is: if interval Wofre going on, we should note that a term denotes the
logic statement IL, is entailed by the interval logic state- same object in all possible wodds, thus if two terms are ac-
ments IL, - • IL-. then (INEV I I/,) is entailed by (INEV i tually equal (unequal) then at all times it is inevitable that
IL) •- - (INEVI1L.) foranyinterval term I. This isvery useful they are equal (unequal). Secondly, it a temporal relation
when doing proofs in our planning examples. Many times, between two intervals is actually true, then at all times illis9.,
wewill have interval logic statements nestedwithin an inev- inevitably true. This is because intervals refer to chunks of
itability operator and must be able to derive other state- time in a global time line. Thus their temporal relationship
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is invariant over different possible worlds. If intervals did can be executed under any possible circumstances (as de-
not refer to a global time line, we could not talk about dif- scribed by the planning environment) out of the agent's
ferent ways the world could have been at some particular control. Thus in the above example, we would be looking
time. As a consequence. it is not necessary to embed equal- for a plan instance that can be executed regardless of- !
ity statements, i.e.. formulas of the form (m t, t1) and I * t, whether the door is locked or not.
t2), and statements that temporally relate two intervals, i.e., A logic that represents the above example muss be able
formulas such as (PRIOR i; 12) and (ENDS-BEFORE i, i2), to represent statements such as: "it is out of the agent's
within the POS or INEV modality, control as to whether or not the door is locked" and to ex-

press conditions such as: "under all possible external con-
Achieving a Coal diions, plan instance pi can be executed." Interval logic

ea planning problem where at planning time, augmented with the INEV operator is insufficient in itself
whichwewilldenoe by/,.wewant toachievgoal,where to represent these statements. The INEV operator may be

G is an interval logic statement describing desired future used to represent that some future condition is possible.

conditions. A future plan instance must be found that but cannot attribute the cause of the possibility to external , ,

achieves the goal under all possible future conditions as factors, the agent's actions, or a combination of both fac-

described by the planning environment. Thus we are look- tors.n
ing for a future plan instance pi such that in any possible Finding a plan instance that can be executed under all

future where pi occurs.G is also true. This is equivalent to possible external circumstances, however, is still not suf-

saying that it is inevitable (at Iv) that if pi occurs then Co ficient. An even stronger condition that must be satisfied

true: is that the plan instance contains all steps needed for ex-
ecution (with respect to what is possible at planning time).

(INEV 1, (IF (OCC pi) CI)). Thiscan beclarified bythe following example. During plan-
ning time, which we will denote by I,., the agent is standing

One might argue that it is impossible to find a plan instance by a locked sale and by a table on which the safe's key is
that works under all possible circumstances, but this is not resting. The goal is toopen the sae(at sometime in the near I S
our objective. We are just looking for a plan instance that future). The agent can perform the plan instance OPEN- '.
works assuming that the planner's view of the world (i.e., SAFE0I, as long as it has the key grasped in its hand just
the planning environment and the action specifications) is prior to execution time I.. The agent can also perform -
correct. Whether the planning environment describes a GRASP-KEYDO, which corresponds to gra.,ping the safe's , ,. ,
great number of possibilities, or just a few of the very likely key at a time immediately after planning time and results
ones is not of immediate concern here. in the key being grasped just prior to I.. This plan instance -- .

If at time I,. it is inevitable that p does not occur (which can be performed as long as the agent is by the table on
would be the case if pi was an "impossible plan instance," which the key is resting lust prior to execution time 0.#). In
i.e., one that never can be executed under any circum- this example, we assume this condition happens to hold. t. -
stance), the above statement would vacuously hold. There' Thus it is inevitable at planning time that this condition " ."
fore, any plan instance pi under consideration must also holds since the present is inevitable.
meet the condition that there is a possible future where it In this case, it is under the agent's control to enable the ,
occurs. This is simply stated as: conditions under which OPEN-SAFEll, can be executed.

(POS I (OCC pi)). By executing GRASP-KEY@6I. the agent can bring about the /"s" " w
conditions under which OPEN-SAFE*f. can be executed. '#'-

This condition, however, does not insure that pi can be ex. Thus it is possible that OPEN-SAFEI,. occurs. We would
ecuted regardless of possible circumstances out of the not, however, want the planner to simply return that OPEN-
agent's control or guarantee that pe contains all the steps SAFE@4l achieves the goal, leaving out that it must be done
needed for execution, in conjunction with some other plan instance. Instead, we

Consider the following planning problem. The goal is to would wi -t the planner to return a plan instance such asget into a particular room sometime during the interval 1G.  (COMP GRASP-KEYO/Is OPEN-SAFEIt.). At planning time

The plan instance WALK-IN-ROOMOI. refers to the action /, this composite plan instance contains all the steps N
of walking through the doorway into the room during in- needed for execution since the conditions under which
terval ., where we are assuming that .ends at a time dur. GRASP-KEYfI can be executed are inevitably true lat /,) 1' ar)
ing /c. In order to perform this plan instance the door must and it is inevitably true that OPEN-SAFEOi.can be executed tx
be unlocked at a time just prior to #.. Let us suppose that if GRASP-KEY@f, is also executed. If we had a different
It is possible the door is locked at this time and possible that scenario where the condition "the agent is grasping the ;
it is unlocked at this time. Also assume that it is impossible key just prior to interval I." was inevitable, we would have
for the robot to perform an action to unlock the door (or concluded that OPEN-SAFEOI. could simply be executed
to get someone else to unlock the door), if it happens to alone.I
be locked. In describing the plan instances in both examples, we %

In this scenario. it is possible that the plan instance WALK. gave conditions under which each of them can be axe- V ,
IN.ROOMOI. occurs, thereby achieving the goal, since it cuted. If it is possible at planning time lv that the conditions %
is possible that the door is unlocked. We would not, how. under which plan instance p1 can be executed will not hold.
ever, be satisfied with such a plan instance, since whether and it is not in the agent's control to bring about these con-
or not it can be done is dependent on a condition out of ditions, then we do not want to conclude that at time I, pi
the agent's control; namely, whether or not the door hap- can be executed. Even if these conditions can be made true '
pens to be locked. What is needed is a plan instance that by executing some other plan instance, we consider a plan
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instance containing pi to be under specified unless it also dition P is chooisible at time fv iff there exists a plan instance ..,, . ,-% 'Contains a plan instance that enables these onditions. Thus with excution time after 4i which if attempted would result ' 
%  

-"

in planning to achiee a goal G at time 1,. we are looking in It being true. The definition is gliven by: % , .-
for a plan instance Fi such that i) it is inevitable at I1, if pt (CHOOSlBLE 1, P)- "'. ,_
occurs then G: is true and ii) it is inevitable at 1, the con- (Ilipe(AND (PRIOR I, (TIME.OF pi))
ditions under which Fit can be executed hold. (IFTRIED ?pt ill. ,'''W' ';

To capture the notion of "conditions needed for exe- 
' 

w. .cution " our theory will make a distinction itween plan Saying that P is chooible at time I , means that thee is
instance attempts and plan instance occuth en es The con- somethin the agent could have done (startin after ) to
ditions under which pi can be executed will be equated with make P true. By using CHOOSIBLE, w can succinctly state
fconditions under which atempting pi leads to pi o- that some condition is out of the agent's control and state
curhng. As an example attempting OPEN-SAFEI. might that a condition can be made true regardless of external
associted wit ch i conditions. To press that at time hl, the agent cannot at-
way that the key being grasped is twisted in the safe's lock fact whether or not proposition P is true, we stae that it is
(resulting in the safe being opened). This arm twisting inevitab e at is that if P happens to come out true then it
movement could be done rardless of whether or not the is not choosible aeatcu hav P is untrue, and similarly, it is in-
ient was graingthe key, but only when it is done while evitable at e, i Pcomes out to be untrue, then it is notthe agntis une which a epting p he agent is choosible at l that P is true. For example, the folowng ate.

opening the saoe with the key. stdi i a is that at all imes, theagent has no control astowhether

it is raining out:
The IFfRIEnD modality (INEV ?it
We extend our language to include the modal operator (AND IF (HOLDS (raining ?i,)

IFTRIED. The sentence (IFTRIED p T P) is taken to mean nhat INOT(CHOOSIBLE th.

if plan instance po were to be attempted then P would be 4NOT (HOLD (raining) ?4,))))
true. where P is any sentence in our extended language. (IF (NOT (HOLDS (raining) ?i,))
This is a counterfactual modality thit is used to make as- (NOT (CHOOSIBLE I, J
sertions about what would result if plan instance pi were (HOLDS (raining) ,))))to be executed, not about what is ustually true. Thus it is in
consistent to assert that (IFTRIED pk b and (NOT P) are both TOexpress "regardless of possible external conditions after % ,
true. We must also point out that both arguments to Il, P can be made true," we state that regardless of what

FTRIED are temporally qualified. The first argument being future possibilities arse, it is in the agent's control to make

a plan istance has an assoiated timt of occurrence The P true. This i expressed by ''-.R.
second argument isa sentence inthe logic and thus is either , ,J
an interval logic statement and hence is temporally qual- (INEVI, (CHOOSIBLE 1, Mi).

ified ~ ~ ~ ~ ~ ~ ~ ~ i is raiin out: tteetcnaiig(epoal ul

ihe IFTRIED odatali with(.Nti
Wied} interval logic statements Moore's RES operator m14a which is a modal operator that
The IFTRIED operator s related to INEV by the following captures the result function in situation calculus. Moore

at some time then it will remain true no matter what plan tegrate a theory of action based on situation calculus with
is attempted after t a theory o belief based on possible world semantics For %

hIs isacontethe compcruson here we wll only talk about the RES mo-

In about wt worif i Statements in Moore's language are interpreted with re-*
o bspc to a world at a particular time, not with respect to an

From this axiom shema and the two axioms, INEV1 and entire world history as in our logic Thus statements are
INEV2, stating that the past and present are inevitable, we about what is currently true ae hnot temporally quat
gt the desired result that attempting plan instance hs tried. The sentence (RES a, M) means that currently, action , N ..
no effect on earlier propera.les and events a can be executed and if executed then Pwill be true where

The sentence (IFTRIED p (inC ic) means that if plan P iin first-order lo , or contains modalether .
instance pi were to be attempted then it wold occur, or operators. Now, it is important to note that neither aru-"
what we equivalently say: " p is executable." For conve- menttoRESistemporally qualified. Secondly, RESis atense
fiedce, we will define the predicate EXECUTABLE n our shift" operator. (RES a, P) is making an assertion about what
obecot language iy will be true in a situation in the future of the current time.

aXm s ic sate pop it This contrasts to FTRIED p P where bo h its arguments -

(EXECUTBLE pi)- w(IFTIE~pI(O~pi)).are temporally qualified and they may have any temporal v'L-W:- .
At time I, plan instance pi contains all the steps needed reatn; P need not be about a time in the future of pi's
io execution iftin all possible futures, if pb were to be at- occurrence. For
tempted it would occur. This is expressed by In c15 we show how the RES operator can be vieS oas>" '
(INEVPIXECUTABLE pill. a spcial case of the IFIED modality. Very roughly, a sit-uateon caulus view of the world is modeled in intervallogc
Wewll alsointroduce the notion of "choosibili" which by discretetabe intcurrentere ineals nssotialled with stu- to

can be expressed ines tem p a pla that a con- iteons are ientenea , t rvals associated wth action %

"% I* % W

.%
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Occurrences. If we assume that interval to denotes the cur- (INEVI, P %..%
renttime~wean translate (RES a, Plwhere Pisa nonmodal, LAND (EXECUTABLE pi)
to (IFTRIED a4i, (AND (OCC asl,) (HO' )S P I1)) where (IFTRIED pi (NOT (0CC paint-%bill),
we are assuming that i2 immediately follrws ii which im-
mediately follows I*. Even if the above statement is true. however, we cannot yet

claim that the planning agent can prevent the occurrence
IV. Exjmsuts of (spills paint)Oi,. To begin with, it might be the case that

is inevitable that the paint can is not in the doorway im-
Reptesenting, Different Types of Goas mediately prior to i, or inevitable that no one will walk

This formalism can easily express goals such as avoiding through the doorway at a time immediately prior to #4w If
some condition while performiig some task, achieving a either of the above holds, then it is inevitable that the paint %
collection of goals to be done in some specified order, and can will not spill. Thus in order to conclude that we pre-
preventing an undesirable condition that possibly will hap- vented the paint can from spilling, it must be the case that
pen. In this section. we will examine an example of each it possibly spills, that is, the following must be true:
of these goals. The simplest example concerts a simple se-
quence of goals. Suppose at planning time I., the goal is to (POS I, (OCC aint-spills@i,)).
be at school at some time I.., while stopping at the gas sta- Even this is not sufficient toconcludethatwe prevented this
tion on the way. A plan instance pt (in the future of planning v
time I.) must be found such that the following holds: occurrence. It might be the case that the only way that the

paint can will be in the doorway is if the planning agent puts
(INEVI, it there, or the only agent that possibly can spill the paint(AND (EXECUTABLE pi) is the planning agent. To represent that paint-spillsO~i,

(IFTRIED pi possibly occurs because of external forces, we must intro-
(?iMAND (HOLDS (at agt school) I.,) duce a special plan instance that corresponds to the plan-

(PRIOR li I.,..) ning agent being inactive over a period of time, which we •
(HOLDS tat a t gas-station) til))). will denote by do-nothingi,,. We then check if it is pos-

The above statements says: under all circumstances p sible that paint-spitlme occurs even if the agent does

sible at time I, both pi is executable and if pi were to be nothing up until the imewhen paint-spiIlsiwould cam-

attemp -d land thus would occur since it is executable), the
agent would be at school during I,,. and at the gas station (IF (AND (MEETS Ip fid,,XENDS-BEFORE i,, lie-))
prior to this. Similarly, avoiding some condition while (POSI, (IFTRIED do-nothing@?id,,
achieving another ia easily represented by specifying that (0CC aint-spills@i,)).
some condition does not hold during the execution of the
plan. Further discussion of these issues can be found in (15].

Prevention problems pose a number of problems as other
authors (31, 191, [131 have noted. It does not make sense to Composing Two Plan Instances and Plan Instance
say that an occurrence is prevented, if it is not possible in Interactions ) %
the first place. Furthermore, the reason why the occurrence % 0,
is possible must not be due to the agent's actions alone. One of the primary goals in developing this logic was to %
This last qualification has been overlooked by these au- represent plan instance interactions and to provide a for- X5
thors. Consider a simple scenario where if an open paint mal basis for determining which plan instances can be ex-
ca, is sitting in the doorway and an agent happens to walk ecuted together. In state-based planners, the system de-
through the doorway, the paint can will be knocked over termines which linear combinations of actions achieve the
spilling the paint on the floor. For simplicity, we will only goal and which sequence of actions can be executed to-
talk about a particular spilling occurrence at time /w which gether. In these planners, the interactions of interest in- %*,%-
will occur iff it is immediately preceded by an occurrence volve one action enabling another by bringing about the , "

of an agent walking through the doorway while the can is other's preconditions, or one action's effects interfering .6'P %e
sitting in the doorway. with another's preconditions. All these interactions, how- 6 %, -

(INEV lie ever, concern actions that are linearly ordered. In this sec- d.- i' -

(IFF (0CC paint-spitlsei,,) tion, we will consider the interactions between concurrent e -

(a fi,.. at plan instances and show how to determine whether they •

(AND can be executed together and if so under what conditions.
(MEETS ?i.,;,) Let us first consider the relation between the conditions

(OCC (walks-through-door fags)lOi.) under which a composite plan instance is executable and
(HOLDS (position Paint-can doorway) )))). the conditions under which each of its components are ex-

ecutable. What it means to say that a composite plan in- ,
The above statement says: at all times it is inevitable that stance is executable is that if both components were at-
paint-spillsoi, occurs iff immediately prior to iv there is tempted together then both components would occur.
an agent that walks through the door while a can of paint Thereareanumberofcasestoconsider. It mightbethecase '- " -.
is in the doorway. that both components are executable when taken alone,

Now, at planning time I,, we want to find a plan instance but they cannot be executed together since they interfere ir
pi that under all possible future conditions is executable with each other. Such is the case if two plan intances share
and if it is attempted then paint-spills~i, will not occur: the same resource or if two plan instances are alternative % i;tiiij

r iv
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Choices. one of which can be performed at one time. Thus is at the store at a time following execution. Consider also' . P
it is incorrect to asseirt that if both Pit and Piz are executable, the plan instance (stay-at homne)61, which refers to the ac.-
then (COMP pi p) is executable. The converse of this tion of staying at home during intervall1,.This plan insance % I
staemnent does not hold either. It might be the case that Is executable as long as the agent is at home just prior to
(COMP pit Piz) is executable while pit is not because the execution and its effects are that the agent is &I home for

; occurrnce of pi3 bringls about the conditions under which the duration of its execution. if we assume., 1) (stay-at,pi is executable. It might also be the case that (COMP pit home)Ol, is excutable, ii) 1, is earlier than but overlaps/ .

pit) is executable, but neither pit or pi2 is executable alone. and iii) it is impossible to be at two places at once, then it
-Such is the case if pit and piz are "truly parallel actions," follows that the earlietf plan instance (stay~t homel, is .

ones that must be executed together. An example of this executable, and if the plan instance (walk home stocre)l.
is wherean objectis liftedby applying pressure to two ends were attempted, it would be executable, but their comn-
of the object, one hand at each and. If pressure were ap- position is not executable since it is impossible to be out-
plied to only one end, the result would be a pushing action, side and at home at the same time. %
not parn of a lifting action. In general, if plan instance pit is executable, but the con-
A gleraral theorem will be given that relates (COMP pit ditions prohibit both pit and piz from occurring together,

pill to its component parts. regardless of their temporal re- then we have the following:
lations. Before presenting this general theorem, however, IT EDpt( C pi)t will beclearer to first look at special cases concerning the (IFTRIED pi (IFCCE pi 2 N T))Cp~fl
relation between pit and pil. (FRE i ITIDpz(O (: il)

We begin by considering the case where pit and pi, do The first statement is simply the definition of (EXECUTABLE
riot have overlapping eecution times. Wit hout loss of gen. pit). The second statement says: If pit wre to be eecuted
etality assume that pil is before 02z. Clearly, whether or not (and thus would occur), we would get to a scenario where
a plan instance occurs is not affected by the attempt of an- if pi2 were to be attempted, it would preclude pit from oc-
other plan instance with a later execution time. This is cap- curring. In other woeds, piz interferes with pit.tured by the following theorem: If, on the other hand, pi is executable, ii)the onditions

tisincoECTIO tunder which pi and pi can occur together hold, and iii) iStat n p were to be attempted, piz would be executable, then we
(IF (PRIOR (TIMEOF pi ) (TIME-OF ?pint)) would have the following:

% ~(IFTRIED ?pi (OCwi)) ITID i OCp,)
~(FRE p,(C p,))(IFTRIED pit (IFTIE pi AD(Cp OC i))

Since pit is before pi attempting pit his no ffect tn drIon its e io If we uI) (stay0at
whether or not pit occurs. Therefore, if (COMP )  S This can be read as saying that if pit were to be attempted
executable then pi, ut t also be executable. It need not be (and thus would occur since it is executable), we get to a

cIthe case, however, that pz is executable. The execution of scenario where atrempting pin would result in both pi, and
pe may bring ab-t the conditions under which pe is ex- p Ocurrind. If this case, both plan instaces ca be per-t.K.,ecutable. Alyrnatively, p,, maybe executable, butit would formed together, and we want to conclude that the com

not be if pit wee to occur. This provIdes justificaton for posie plan instance is executable.
the following theorem: In the general case, we have the following theorem:

INTER.ACTION2) INTERACON3) 1
(IF ,RIOR (TIME-OF ?pi,) (TIME-OF ?p,2)) (IF (IFTRIED ?pt" '

latons BEECUAL presntin th i , general theorem, howver (ANDIE p1,C ?piC pi,))p

(AND (EXECUTABLE ?pi,) • (IFTRIED (COMP tpi, ?pill(IFTRIED ?pi, (EXECUTABLE ?Piz))))) (AND (O C p1, (OCC ?pi,)))) 6
This theorem says that for any nonoverlappin plan in- This theoremsaysthatifattsmpting plan instance pxwuld

stances pit and pi, pit being the earlier one, the com nposite (anld instuld occurrie wtle toir o sorsionw e

plan instance (COMP pit pj2) is executable iff p" Is exe ohpa ntne curng hntercmoiinicutable and it pit were to e attempted (and thus would executable (i.e., if it were attempted, both of its compo-
occur because it is executable), then p would be execut- nents would occ). Noice that there a no temporal re

able. strictions relating pit and pi2. Secondly, this gettral theo- '

f pil is earlier than pi2 but the two plan instances overlap remt provides for the case whee neither pit nor pt, arek"in time, the consequen the theabove theorem might not executable alone, but they are executable )oether. This
hold while the antecedent does; there are cases where the would be the case if attempting pi alone would no result
stements "pi, is executable" and "if pER were to be at- in pit occurring, but the attempt would make it so that pie

S T w I , t is exeutable, which in turn would answer th conditon;
their composition is not executable, since p inteFeres with (In. (0
tsuccessfulcompletionofpt. Forexample, consider the more general theorem about interaction that is not nec-pibo aet
function term (walk home stoe)0. which denotes the plan essary for the purposes of this paper, which is disussed
inst ance where the agent walks fr m home to the store do in w1e]. erampnpoe.intpn
in intea ' This plan instance i hic h pi Is ex- ps Concurrent Plan isase la instances.canbe per-t " -".

the agqent is at home just prior to execution (i.e., at some ." •,.#
time that immediately pIrcedes .). The effects of this plan In this section, a few examples are presented to illustrate
instance are, that the aet is outside during execution and how concurrent plan instance Interactions may be repre-
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setdand hwthese statements lead to conclusions about

whether or not the composition of these plan instances are
executable. We start with a simple resource conflict ex. %"A FO 111 AiIi.I V oU,# % el

amnple. Consider a very simple case where there is a stove "ev "'i~i~
on which only one pan can be placed at a time. Lot the func- OF (AA CCh11"lI
tion term (heating pn)@4, denotet the plan instance where OR tIiJ;=i i.. 0.10i~a * 1 *t , .
the pan pn is being heated on the stove during the interval e.ies'.. -

In4. The fact that only one pan can be heated at a time is cap- '

tured by:Ewws~~iV.- 1,$l
53) powv.4

HEATi) p~o tO We 5hi~~i3i~.,~it5-
(INEV bie 511,11fp"' iWEtV IMFPoll. ."w fom... M5vN.iiiTo)i Up"Va
(IF (AND (0CC (heating ?pn,)O?4i,,) I" T.W.g

(0CC (heating ?pn,)@14.1 )) %. ~t~OO~,.~.,

(AND (-? pn.lpnX-?I,. so, ri4" tf4.)w)a..w~t.M -

This says that under all possible circumstances (i.e.. it is in- UlW"110 1
evitable at all times), if there are two occurrences of a pan iocccts. 4.,i
being heated on a burner then either their times of oc- &A4 'tf-S~ W.wMM i ,.
currence are not overlapping or they refer to the same plan sti (IFmro ror~w',i.,A,~4~..
instance (two function terms are equal if all their argument 160 MW (C k* P-
terms are equal). This relationship between plan instances .~
is what Lansky (101 calls a behavioral constraint; it directly fi5VwPV

relates two plan instances (actions) instead of implicitly re-
lating two plan instances by use of action precondition-cf-
fect lists. V

Treating such an example with precondition-effect lists
would be awkward and inefficient. We would have to in-
troduce a property associated with "burner being used." pose that the agent cannot carrys two grocerv bags from the
The action. "heat pan pn" could not simply be modeled by supermarket to thecar twithout'slipping) it it is icycut. Con,
a simple action specified by a preconditionl-effect list, in- Sider the Scenario where at planning time 1, i is possible j.I.f
stead it would have to be modeled by two simple actions that it is going to be icy out during . and also possible
that must be performed consecutively (note: Vere's system that it is not icy out during I-.. This is represented by J
(191 has such a facifityl. The reason for this is that the effect
of "heat pan pn" is that the burner is in use during exe. ICY-ST1)
cution, not before or after execution. We would then model (AND (P05 1. (HOLDS (icy) I_)
this action by two consecutive actions &I and a2. where a,'s (PO 1. IH D (not tiCVl) 1i.)

effect is that the burner is in use and al's effects are that the We also state that it is impossible for the agent so affect
burner is free. AS previously noted, Wilkins' SIPE 1201 has whether or not it is icy out:
a special mechanism for treating a limited class of resource
conflicts. This mechanism could be used to solve the above ICY-ST2)
example without recourse to the "in use" properties. (INEV lt

In order for the behavioral constraint HEAT1 to be useful. (AND (IF (HOLDS (icy) MI)0
it must lead to the deduction that a composite plan instance (NOT (CHOOSISLE tie '

consisting of two overlapping plan instances using the same (NOT (HOLDS ticy) i)).I
burner but different pans is not executable. This is easily (IF (HOLDS (not licv)) fine)'

4 shown. Let us consider plan instances (heating pnl)GI,, (NOT (CHOOSIBLE bie
N and (heating pfl2l@4n in the case where pril and pn2 de- (NOT MHOLDS sno (ici lksf)I)I

note different objects, and the intervals, 10, and I#", overlap%
in time. We want to prove that she composite is niot exe. Consider the two tunction terms. scar-v bagt)iernd carry

ba#2)@4. which reFier to the plan instances where the agent' c'
cutale. ~e.,takes each bag from the shopping cart and carries ItI to the

PRV1) car during interval 1, which we Assume is dluri I,. MAIO
(NOT (IFTRIED (COMP (heating pril)Olm assume that bat? and b0#2 denote distinct obtects. FiWnaY'

(heating pn
2)@bn) assume that under all circumstances, ih it is icy out durin

(AND (0CC (heating pril)@f 5.,) I, then it is impossible that both plan instances occur I&

(0CC (heating pn21@4..J)))). g~ether. This is represented by.

iCY-ST3)
From axiom HEATI. Ste fact that 4,,, and Im, overlap in time. (INEV tie IF (HOLDS (icy) I-.)
and that pni and pn2 are unequal, it logically follows that sNOT (AND (0CC (cars's ba#lg4) -

PRV1 is true. A sketch of this proof is given in Fig. 2. (0CC (cafry bag2laf.)))
Our nest example concerns two plan instances that can- IYS3 th atta i osbethti l'

not Ocrtogether if cranexternal conditions hold. Sup- From IYS3above. tefcthtistpsil ta ti
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any action that would prevent it from being icy I ICY-ST2), we would want the planning system to conclude that the
we can prove that it is possible at It, that there is nothing two plan instances can be executed together only if it hap-4
the agent can doto make(cary bagl)@l, and (carry bag2)ll. pens not to be icy out during I.,. 1

occur together. This problem manife~ts itsef differently in the case where
the agent can bring about the conditions under which two

(POS 1, that action a, and a2 share the same "yp of resource and
(NOT (CHOOSIBLE 1, (AND tOCC (carry bagl)O I) It is urder the agent's control how manyof these resources

(0CC (carry bag2)@l))f* are present. Now, it is not a contradiction that a, and a, oc- i,

The sketch of the proof of PRV2 is given in Fig. 3. cur simultaneously. A naive implementation might return
a plan where a, and &I areo execued simultaneously, while

___________________________________ failing to include a plan step that guarantees that two re-
-- 4ho*9.mf4ev oirces are present whilea, and at are being executed. Thus

"'Vri (Mwe get a plan that does not have ill the steps needed for
412)~ qC~oe. i~wbocc'~'execution.

(CCC ~These problems can be avoided in a state-based system
10-t*9t*99tt,"t by explicitly introducing properties associated with re-

CH 00011NI~r) sources in use, but as we have previously mentioned this
ItO)iooslt'iiCti becomes quite cumbersome and would lead to an inert i- .0 at,

MS, OfiAiPiVitvWsPQtIiI'.%Pl cient search space. Properties and precondition lists are
iPos % 0)) useful, however, for spec ifying the cond itions unrder wh ic h

*9 i~ ~actions taken alone can be executed. Thus an adequate rep-
*9 *i*9S Si CY ~resentation needs to handle both behavioral constraints

III tPs ti.)"OsEILM -1W)) and properties that serve as preconditions. We have lust
.. i~ussCt SS ,~.q..i....vi~ibh...W*9beSdiscussed how behavioral constrsiints can be expressed.
Sisiine eS.W*9e~. *i9EvSaying that if property pr holds over interval i, then plan

iii OWt~~V tID5 i.Ssi)&d(WIC.iOiCiiLt tiip~OWUMI~ii )t))I instances pi's preconditions hold (i.e., pt is executable) is
" 0"oI .(OD .rsimply expressed by.4 ,,

I) (OM1 NOT OiC,.OLI I.PtOT 1111COWS..i600111INEV lie ( IF Il-OLDS pr i) (EXECUTABLE pill.

att , Va, -W (at ,,)* That~ -f u, .1-61 "M Most theories can express only precondition properties.P
41-rds...eiiJ,6W SWb '..H Lansky 110) describes a theory that allows behavioral con-

I. iioTAuiO0CCi5~t~ui~ittOC~w~t.9fl'c~I~istraints. but it is difficult to treat properties. To define a0
.eg... iilsa, i*iii,. )9in ~.iwP."eproperty one must know all the possible actions and then

%a d. V_" pecompute the patterns of execution that result inthe
property being true and untrue.

tMIAT ite CiOOSIBIF T OL (.DI "t,11.4Hi
(NOT tCii0Oibk I&M iOCC ITIt"Im*) tOCC tv"bqIt"IttiH

tn~i. b~e t 15' O5~e~bi~uit9~ ,*'..~..~e....A Simple Planning Problem
.ebe~b~eie, ~eiO..t~. ~In this section, we present a simple planning example

that leads into a discussion on how the frame problem mran-
ifests itself in our logic. Consider the following example. ~

A& 3.Suppose at planning time 4. the planning agent, which we
denote by agr, is at home and its goal is to get to the bank (%).
sometimes during Ic which is an interval that immediately .:;This example could not be handled by existing nonlinear follows 1, The set of sentences that describe the planning

planners, because only two types of interactions can be environment are given by: /
handled: 1) If action a, interferes with action a2'5 precon- * i
ditions then either a, is ordered after &2, or another action PEI) (MEETS $i, c)
Is inserted between a, and a, in order to restore a2's pre- P12) (INEV I, (HOLDS (at agt home) 4)).
conditions, and 2) If two actions have effeats that contradict0 6
each other. then one of the actions must be ordered before The interval logic statement describing the goal of getting j

the other to avoid the possibility of trying to execute them to the bank at a time during interval Ic is given by 04ra l 6
together and thus failing. Now, in the example above, the (I ?i (AND (DURING fi 1c) (HOLDS (at &51 bank) lieD). 1
plan instances, (carry bag l@41 and (carry bAS2)@l,, do not % H ,N%
really contradict each other; the fact that both plan in- in the rest of this example we will use C to refr to this in-
stances occur is consistent with the material implication terval logic statement describing the goal conditions.
stating that if it is icy out, then the two plans do not both For our simple example, we introduce a class of plan in- 6 H
occur. Thus a naive implementation AroulId allow these two stances that refer to walking from one building location to ._

plan Istances to simultaneously occur. From the fact that another. We will let the function term (walk bldgl
(carry bagl)0l, and (carry bag2)@l1, both occur, and this b~dgZl41I.a. denote the action of walking from building
material implication, we would conclude that it is not icy bidgl to building bldg2 during interval l,.Ha. The term will V

A-107
1411LAVIN~~~ ~ ~ ~ ~ ~ AN0!LN LGCO fASI 1MOIL

"'C" VI
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connection between (walk bldS1 b~d82@I.., and the con- That such an interval exists is guaranteed by PE3 along with
ditions undeirwhich it is executable is inevitable at all times. an axiom in interval logic concerning the existence of in-
Thus we have the following: tervals.

These constraints on li,, result from intersecting the con-
EXC-WALK) ditions needed to guarantee that it is inevitable (at Ip) that

(IF I< - (minimal-time ?bldgl ?b~dgf2) if (walk home bank)@?i. occurs the goal condition will hold
(DURATION ?i...)) and the conditions needed to guarantee that it is inevitable

(INEV lie that the plan instance is executable. The constraint that Ii.
(IF (AND (HOLDS (at agt Cbldgl) ?i~ finishes before Ic insures that the agent does not arrive at

(MEETS N~..5 u
4,.6)) the bank atea time later than Ic, while the conditions Ii., im-,

(EXECUTABLE mediately follows 1v and has a duration greater or equal to
(walk ?bldgl ?b~dS2)@?i.e)))) (minimal-time home bank) insure that the plan instance is

-. executable.
where the function term (minimal-time bidgl bldg2) de- These constraints may be derived by usngaconrotlstra-
notes the minimal time it takes for the agent to walk from egy similar to the backward chaining strategy employed to
bldgi to bldg2. solve a single conunct in nonlinear planning such as de-

The effects of (walk bldgl b~dg21OI,.,& are that the agent scribed in Allen and Koomen (21. We find a set of plan in-
is outside during the time of exiecution and will be at bIdg2 stances each of which would achieve the goal if executed.
lately after execution. The connection between a plan in- Call this setS,. We then see if there is any plan instance (or
stance and its effects is inevitable at all times. Thus we have class of plan instances) belonging to S. which are execut-
the following: able. If this is the case we are done. Otherwise, we must

EFF-WALK) try so compose a plan instancepi (or classof plan instances)
(INEV No belonging to So with another that achieves the conditions i

(IF (0CC (goto tbldgl ?b~dS2)0?i.k) needed for pi to be executable. if this composite plan in-
(p ~ stance is executable, we are done, else we repeat the pro.

(AND (HOLDS (at age ?b/d#2) cess lookiag foraplan instancethat achieves the conditions
(MEETS u-0 ii 'WJ1)) needed for the composite plan instance to be executable.
(HOWDS (at a#( outside) ii.)). etc.

Now, as we mentioned, by constraining ?I. so that it im- '
Given the sentences describing the planning environ- mediately follows I, and has duration greaser than or equal .

ment and the sentences describing the acion specifica. to the minimal timeItstakesto go from the home tothe bank, ~
tions, we are looking for a future plan instance such that we find aclass of executable plan instances that achieve the .S A Y
at the time of planning, it is inevitable that it is executable goal. For the sake of illustration, suppose that we must con-
and if it occurs the goal conditions will obtain. Thus we want strain U.so that it is strictly after 1, Instead. In this case, It
to findsa plan instance pi that has execution time that is later does not follow that it is Inevitable at planning time that
then III and it logically follows from the sentence describing (walk home bankliSi. is executable. The reason is that (walk
the planning environment and the action specifications that home bankl@4, is executable only If the agent is at home
the following is true: Immediately prior to i_. Although is is inevitable that the

GOAL)agent is at home during 1, we cannot prove that it is in-
GOAL) ~evitable that the agent is at home lo, any other location forM h(INEV I, (AND (EXECUTABLE pi) (IFTRIED pi GMI that matter) at any time later then 1,,.a~

where If we want to execute (walk home bank)@4, fori. strictly
del S 1 (AD IDRIN ?iIc)after 4, then we must compose this plan instance with an- Li

G - df 12111, AND DURIN III IG)otherplan instance whose offect isthat theagent isas home
Inorerfr t o e(HOLDS (at sgt bank) hal)). just prior to i.-For this purpose. weintroduce aclass of plan
In rde fr i tobepossible to achieve the goal by ex- instances that refer to staying at the same location for any

ecutingsplan instaincoof theform (walk bidillbtd#2)0@l, period of time. We will use the function term Istay-at
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bldS)gi. to denote the plan instance where the agents stays nance plan instances, although they are not given the same 0
in the building bdg during the interval I.. The conditions statusasactionsand re treated differenly byhe nonin-ar
under which it is executable are simply that the agient is in planner. For example, one does not introduce a ghost node
the building just prior to execution. into a plan, just like one introduces actions. They result as

a side effect of linking an action to an earlier state where
IXCST AN) one of its preconditions holds. So one cannot explicitly
IINEV ?ie (IF (AND (HOLDS (at igt ?bids) tfma) choose between maintaining a condition to achieve a pre-(MEETS ?i,,w fi,) condition as opposed to introducing an action that explic.

(EXECUTABLE (stay-at ?bidS)@?isr)). Itly makes the precondition true, in the case where the pre-

The effects of (stay-at bldg)@i., is that the agent is at bldg condition holds at an earlier state. The first alternative is

during the time of execution: autoat-ically tried first (which turns out to be a good heu-
ristic).

EFF-STAY) As we previously described, the use of the STRIPS as-
(INEV tie (IF (OCC (stay-at lbldS)@?iw) sumption (in the guise of ghost nodes) leads to problems

(HOLDS (at agr ?bld8) i.,,)). If we assert that some property, which the agent cannot af-
fect, is true in the initial situation (and in the case of Vere's

Byexecuting (stay-at home)O.iuwhere 1, immediately pre- system, does not include all scheduled external events that I S
cedes U,, we can achieve the conditions under which (walk affect thi's property). Since there will be no actions whose
home bank)l*, is executable. If Iii, immediately foflows effects violate an external property p, an action whose pre-
I, then (stay-at home)?i.,, is executable. rom this we get condition is p can be ordered anywhere in the plan. .

This problem arises because a ghost node can be created
( IF (AND (MEETS I, ?i.,) forall properties. lnour formalism,wedo not havethe same

(MEETS fi,, .) problem because there will only be maintenance plan in-
( (minimal-time home bank) stances for properties completely in the agent's control.

(DURATION U1.))) Thus we might have a maintenance plan instance for "the
(INEV I, agent stays in the same location," but clearly would not have I .

(EXECUTABLE (COMP (stay-at homeOi,) a maintenance plan instance for a property such as "the
(walk home bank)O?W.))). gym is locked." Thus even though the property "the gym

This is derived using the theorem INTERACTIONi which Is locked" holds during planning time and there are no as-
states: if pi, is prior to pi , pi is executable, and if pi, were sertions about whether "the gym is locked" holds in the

executed, then pi2 would be executable, then (COMP pi* future, there is no plan instance that can be executed that

polt is executable. By also adding the constraint that ?i, com- makes this condition truest anytime in the future. Theagent
pletes before Ic, we can insure that the composite plan in- is at the mercy of its environment.

stance (COMP (stay-at home)@ b.) (walk home bank)6Oh.) Now, the fact that we have maintenance plan instances
achieves the goal of being at the bank Sometime during I1c. does not give us a simple solution to the frame problem.

The frame problem manifests itself in adifferent form in our
logic. What we do get though is a uniform treatment of the

The Frame Problem frame problem. In a system such as Wilkins' that uses the

In theexampleabove, wesaw that if (walk home bank)Oi,. STRIPS assumption but allows concurrent actions, he has
has an execution time that doeS not immediately follow onemechanismforfinding conflictscausedbyoneaction's
planning time, we have to introduce another plan instance effects interfering with another's preconditions and an.
whose effect is that (at at home) is true immediately prior other for finding conflicts between concurrent actions, this
to i,,. A plan instance of the form (stay-at home)6i, served being the resource mechanism. In our logic, both conflicts
this purpose. The property (at agt home) holds at planning can be seen to be of the same form and can be treated by
time and the execution of (stay-at home)Oi, simply main- the same mechanism, as follows.
tains this property up to the time when (walk home We have already shown that it we want to execute pi, and
bank)o,. is to be executed. pil together, then we must prove that the following is true:

The fact that we have plan instances that maintain prop-
erties contrasts with the traditional approach in nonlinear (UNEV to (IFTRflTE. (COMP pii pil

planning. In the nonlinear planning paradigm, if we intro. (AND (CC pil) (OCC pi)))).
duce an action as into the plan and this action has precon-
ditions that are satisfied by conditions that hold in the Initial To prove that a plan instance, say pi,, does not interfere with
situation, a "ghost node" is created, indicating that it is not a later one's preconditions., say p2,, we show that p., can be
necessary (at least at this stage) to explicitly introduce an- executed togetherwith the plan instancet(s) that bring about
other action to achieve a,'s preconditions 1161. If the system pi:'% preconditions. Thus the problem of determining
finds another action at in the plan whose effects negate a,'s whether a plan instance interferes with another one's pre-
preconditions, the system would try to order this action to conditions reduces to the problem of determining whether
follow a,. If this ordering is not possible, the system would two plan instances areexecutable when taken together. The
have to introduce a third action following a, and before a, folowing "blocks-world" example will help to clarify. Con-
that restores a's preconditions, or remove a, or&I from the sider the plan instance (grasp blkl)Oi, which refers to -6

plan. This strategy can be seen as an implementation of the grasping block blk I during interval a,. This plan instance is
STRIPS assumption, executable as iong as the property (clear b/k1V holds just .

In effect, these ghost nodes correspond to our mainte- prior to i ,. Also suppose that property (clear bik 1) is as-
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sorted to be true at planning time and (keep-clear blk 1i4, V. Tmt SeMtTCS,
is a plan instance that maintains property (clear blk 1) from The formal semantics for this logic can be characterized
the time of planning time up to the beginning of il. Thus as "possible-world semantics." The basic components of
the plan instance (COMP (keep-clear blkl)Oi&, (grasp a model structure are a set of world-historIes, which are
blkli)ei is executable. Now, consider some plan instance complete histories of the world (our variety of possible
a,*a, that is prior toi l and it is inevitable (at planningtime) worlds), and two accessibility relations. Each sentence is
that it Is executable. Ifwe want to execute aealongwith the interpreted with respect to a world-history within some
composite plan instance above, we must prove that (COMP model structure. The truth value of a nonmodal sentence
as O, (keep-clear blk 1)@ic (grasp blk 1)Oi,)) is executable, fl.e., Interval logic sentence) at world-history he is only de-
Note that, since COMP is associative, without loss of gen. edn-ntepoete hthl n vn ntne
erality we can let COMP take any number of arguments. that occur in h. The truth value of the sentence (INEV i P)

Since (keepcltar blk 1)0i€ guarantees the executability at h@ depends on the world-histories that are possible with
a,,6 since it occurs after agOt., the above is executable interval i. The truth value of the sentence (IFTRIED pi P) atof (grasp b/klo.,,and (graspblkl)@i, cannot interferewith respect to ht and share a common psat up until the end of ,!' '

only if the plan instance (COMP ageie (keep-clear bikl) hsdependsonthe"closest"world-historiestohewherethe
*ir))isexecutable.Asa resultreasoning about how(grasp plan instance denoted by pi is attempted. The Interpreta-
blk 1)0i, and aa@i, interact is reducible to reasoning about tion of counterfactual statements in terms of a "'closeness"
how the two overlapping instances (keep-clear b/kl)@s,( accessibility relation derives from Lewis' (111 and Statnak-
and a.Oio interact. er's (171 work on conditionals. To get at a more concrete

Thus both forms of interactions involve determining notion of what a plan instance attempt is, we appeal to
whether it is inevitable at planning time that two overlap. Goldman'stheoryof actions(71.Thisisdescribed inthenext
ping plan instances are executable together. As we dis- section. Following this, we present the model structure and
cussed earlier, two plan instances that overlap in time are give the interpretation for the two modal statements
executable together only if they do not interfere wth each (INEV i P) and (IFTRIED pi Pl. We must also note that the
other, i.e., interpretation of a term is constant over world-histories,

(IF (OCC Piz) (IFTRIE[) pi, (CCC piz))). that is, terms are treated as rigid designators. The inter-
pretation for the rest of the language (i.e., atomic formulas. ,' " ;

It is at this step that we need "frame axioms" or some non- and sentences related by the first-order connectives) is " r,
deductive method for solvingthe frame problem. Typically, omitted since this is straightforward. A detailed presen ' ', ,,.
when describing an action, one only mentions its effects, tation of the semantics is given in 11S).
not what it does not affect, but to reason about the inter-
action of verlapp.ng plan nstances, we must be able to Goldman's Theory of Actions and Basic Generators
determine what a plan instance does not affect. Thus we In Goldman's theory of action, he defines what it means
could explicitly encode frame axioms of the form to say that one act token (an action at a particular time per-

(INEV 1, (IF C, OIFTRIED pi c))) formed by a particular agent) generates another, under
specified conditions. Roughly put, the statement "act token

to specify the temporally qualified conditions Cthatare not a, generates act token az" holds whenever it is appropriate
affected by pi's execution, to say that a can be done by doing a,. Associated with each

From a pragmatic standpoint, however, specifying a large generation relation, "a, generates a3" is a set of conditions
number of frame axioms might lead to an inefficient im- C * such that C are necessary and sufficient conditions un-
plementation. Such a point has been made by Wilkins [20). der which if a, occurs then a2 occurs.
An alternative approach is to restrict the form of sentences Goldman also introduces the concept of a bask action
allowed in specifying the planning environment and action token. A basic action token is a primitive action token in the _. .
specifications and use a default-like assumption to com- sensethateverynonbasicactiontokenis generatedbyome
pute what an action does not affect. Such is done by adopt- basic action token (or some set of basic action tokens
ing the STRIPS assumption where the effects of an action executed together) and there is no action token, more
are limited to a list specifying the properties that are ne- primitive, that generates a basic action token. They can
gated and a list specifying the properties that are made true, be thought of as the fundamental building blocks of which
This precludes the use of disjunctive effects among other all action tokens are composed. In Goldman's work, basic
things. Dean (I handles the frame problem in a temporally action tokens are associated with particular body move-
rich domain by appealing to a "persistence assumption." ments that can bedone "at will"aslongascertain "standard -

This is a rule of the form: once a property is made true, it conditions" hold. As an example, moving one's arm counts
remains true until some other property makes it false. To as a basic action since it can be done at will as ln as no
implement this mechanism, one must be able to efficiently one is holding the arm down, the agent is not paralyzed, , , ,
compute when a set of properties are inconsistent when etc. J
taken together. This is done by restricting the way prop' In our theory, we equate "plan Instance pi is attempted"
erties can be logically related. We are currently studying with "pi's basic generator occurs." In each model, a subset
several such default reasoning techniques and attempting of the plan instances are designated as being basic and a , ,, ' ,
to characterize the range of problems that each technique basic generator function is specified that associates every
can handle. plan instance with the basic plan instance that generates
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it. if the plan Instance is basic, then it generates itself. Each Property pr holds during interval I in world-his-
plan instanice has a unique generator since we are defining tory h III < i, ht> belongs to pr, For convenience., r
a plan instance as an action at a particular time done in a wedefine the function HOLOSlp'jl iwhich yields
articuilar way. it is not necessary to provide for a plan in- Nhsrfol~itnswsrpoeyrod

stance that is generated by a se of basic plan instances, not over Interval i:
just a single one, because the set ofDSp' basi pla intace areh p

lets from Goldman's treatment in that we allow basic plan To capture the constraint: it a propety holds over
Instances that area more abstract than coffections of body an interval, it holds over any properly containedV
movements at specified times. For examiple. in modtling a interval, we have the following:
game of chess, we might take our basic plan instances to
be simple chess moves such as moving the queen tfrm Q, HOILDI
to Ojat aparticulartime~lotcThe standard ronditionswouild For all properties (p) and intervals I, and it),
be that the move is legal by the rules of chess. Thert is no If JN-OR-EQ0i,, i'l.J X
benefit in looking more closely at a chess move and saying then HOLOS(pr, iW r. AOtLDStpr. it).
that It is generated by the arm movement that physically '

moves the piecc Even though each plan instance hasa besic al Is a nonempty se of event instances. Each eta- 9

generator associated with it, one can make assertions about ment of El is an ordered pair of the form: < I, h.
a plan instance in the object language without knowing its set > where u belongs to INTand h-set 4s a subset
generator. This is analogous to making assertions sbout of Kt The time of occurrence of event instance
physical Objects in some first-order language while not <ci h-set> is j, and <ci, h-stt> occurs only in
knowing all its exact features as captured by the semantic world-histories belonging to h-set.
model. for convenience, we define the function TIME-

0F~efJ which yields event instance ei's time of
The Model SCVIIctui occurrence.

Formally, a model is a 12-tuple of the form: lo ll event instantes (ci1, Is-set >).

< H, D, 081. INT, MTS. PROP, El. PI, BPI, BGEN, R, F,,> TIME-OF(< I, h-set> ) -i.
The constituents of this tuple are described as follows: Similarly, we define the function OCCei) which

yields the set of world-histories where event in-
H a nonempty set of world-histories, stance ei occurs,
o a nonernpty set of domain individuals. This is par-

titioned into four disjoint subsets 08), INT, PROP, For all event instances I , hr-set >),
and El which are given as follows: OCC(< i, &-set >) -,0h-set.

0#J a nonempty set of objects that existed at any time P/ is nonrempry set of plan instances. Pf is a subset
in any world-history. O f

INT a nonempty set of temporal intervals,.f l
The relation Mis ~ defined over the set of in. The set Pt is closed under plan instance com-
tervals. MTS0i1. ill means that interval i, meets in- position. The composition of two plan instarices
tervat it to the left (i, immediately precedes i~l. occurs iff both its components occur, and itstime
Allen and hayes (41 present an axijomatization of of occurrence is the smallest interval that con-
the MTS relation; these axioms will be adopted tains both Of its components, times of occur-
here. All other interval relations (such as over- rence. For convenience, we define the cornpo-
laps, is before, is contained in. etc.) can be de- sition function CUAP by:
fined in terms of MTS as long as we assume that for all pl. inst. (<cI,, h-set, > and -cir, h-set, >),
for each interval, there esiists another that meets CUMAIi,, h-set,, cit, h-set, >) -,w
it to the left, and one that is met by it to the right. < COVERti, i,), h-set1 rt h-sat>
We also must stipulate that the intersection of
anry overlapping Intervals belongs to the set of To state that Pf is closed under ClAP we have:
Initerals and that the concatenation of any two P7
intervls belongs to the set of intrvals, The rea- For all plan instances ljij and pis),
lation fN-Ofi-EQVi., h) will be defined as being trueCMlsp)a.
whets interval I, is contained in it or when the in-CP~i j'*I
tervals are equal. We also define the function BF1 is nontemrpty set of basic plan instances. BPI is a
COVfR4tii, i) which yields the smallest Interval subset of P. BPf is also closed under composi-
that contains both I, and J, tElm. thus we have:

FMW is a nonempty set of properties. Each element of $11111
#WOPssst containing elementsot the formt <i, For A basic plan instances tbpi, and bpit I.
It> where Ibelongs to INT and h belongs to HI. CWfFtbpi,, bpi] leBP. Z
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#GEN is a one-place function with domain PI and range An alternative world-history at time ii is an alternative at -

BPI. For every plan instance pi, UCENI pit is its all earlier times.
basic generator. if pi is a basic plan instance then R3
pai - BCEN(pit. For all world-histories (he and It,t.
In all world-histories, if a plan instance occurs properties (p) and intervals Ua, and i.),
then itsbasic generator also occurs. Thus we have if All,, It, hjt and ENDS-SEFORE(i. ill then Al. h&, hOt
the conlstraint. A Is an equivalence relation for a fixed time.
8CENI) *4) (reflexive)

For all plan instances (pit, For all world-histories (he) and intervals (i),
OCC( p G OCCISCENI pit). A', b, he) is true.

A plan instance and its generator have the same RS) (symmetric)
time of occurrence giving us the constraint: For all world-histories (he and hjt and intervals Wt

$GENZl if RV', A,, h,) then RO. h,, be).

For all plan instances (pi), RP) (transitive)
T7A4E-OF(pit - TIA4E-OF(BGEN(pit). For all world-histories (h., h,, and hzt and intervals (M,

Finally, we have the constraint that the generator i O e j n O i 2 hnRhh)

of a composite plan instance is equal to the corn-
position of the generators of the plan instance's TeSlcinFnto ,
components: TeSlcinFnto .

SGEN3) The truth value of the sentence (IFTR(ED piP) directly de-
For ll lan nstnces(pi andP'2- pends on the selection function Fe, This function has do-

For(C oi p instnce -CfBE(pip2,t main BPI x H and range 2". If basic plan instance bpi 's stan-
BCN(MPpi, i2) C4PBCN~i,, dard conditions hold in world-history It. then. F,,(bpi, h) is -

BCEN(pi,)). the set of "closest" world-histories to h where bpi occurs.

The A Accessibility Relation and Interpretation of INEV Ithe standard conditionsdo not hold, F,(bpi, h) is set equal
to Ih). The approach of giving semantics to counterfactuals

The truth value of the sentence fINEV i P) directly de- in terms of a "closeness" accessibility relation follows from
pends on the A accessibility relation, a three-place relation the work of Stalnaker (17) and Lewis [11l. Very roughly
taking an interval and two world-histories as arguments. (using Stalnaker's formalization), the counterfactual "If A
RV,. he, ;i,t can be read as: ht, is an alternate way the future then C" is true at world we, if C is true in the closest worldr
might have unfolded with respect to /to at time j. The in- to w~where antecedentA is truefif such a world exists). The
terpretation of (INEV i P) is given by reason for having a"closeness" measure on possibleworlds

seems to stem from a pragmatic principle on how one eval-
For every world-history (A,), sentence (S), uates counterfactuals, This is best captured by the follow-
and interval term lit (INEV i S) is true at he iff ing test proposed by Frank Ramsy-
for every world-history 01)t
if RII#it, he, hOt then S is true as ht, Suppose that you went to evaluate the counterfactual "If

A then C." First you hypcohetically add the antecedent
where Vji) is the interval (member of INT) that the term i A to your stock of beliefs and make the minimal revision
denotes. required to make A consistent. You then consider the

The constraints we place on A are as follows: counterfactual to be true iff the consequent C follows t
from this revised stock of beliefs.

If All, h A) is true then hoand h, share a common past up

until the end of interval ip We therefore impose the fol- What one can say about a general notion of "closeness"

RI) bypragmetics, not semantics. in both Stalnaker'sand Lewis'
For all world-histories (ho and hjt, approaches, only a few, mostly obvious constraints (such

proprtie (p andintrval Ii andi.,as if A is true at we then the closest world to w, where A is
ifopeies ph) and iervas-B (ai.), hntrue is w0, itself) are placed on the -closeness" relation. in
if eHOLDhp, ) h, .I.4FOREI. i,) he our theory, we are only treating counterfactua..s of a par-

he *OLDSp, i) if h, HOLD~p, e).ticular form: Ifl pa were lo be attempted P would be true."

*2Z This allows us to Impose additional 6onstraints on our

For all world-histories (he and hi), closeniess reation F,, that arise from the specific nature of
event instances lew) and interval fit), these counterfactuals and their intended use: to reason

If R,, hjandEND-BEFRE(IMEOF~i),i,) about which actions can be physically executed together.
Ifhen h M ei h ft a hd ENS-EFC(TiMEO t C Our intuitive picture of "closeness" is as follows. Robughly,

thenh* OCC~ut f hOCCeitIf h, Is a closest world-history to he where basic plan in-
where ENDS-BEFORE~i,. i2) means thati, ends before 4a or stance bptoccurs land not equal to ha), then It, differs solely
the intervals end at the same time, on the account of executing bpi. or any basic action that

f%
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physically cannot be done in conjunction with bpi, or any i, such that the closest world-history where bpi occurs is h
basic plan instance whose standard conditions are violated itself. IJ
by bps. There are alternative conceptions of "closeness," FCL4)
buts we argue in 1151. that this conception is the most ap. For all world-histories (h), and intervals (i),
propriate for reasoning about what actionls possibly can be there exists a bpisEhPl such that PRIORi,, TIME.OF(bpoi)
done together.an dpjh)-(The interpretation of (IFTRIED pi S) is given by:anFdb.h (h

For ver wofd-istry 0), entnce(S)where PRIORI,i 2 ) is defined as: interval I, immediately pre-

and plan instance term (pi)u.e risbfr ,

U FTRI ED Fit Si is true at hc iff1.pk
for every world-history 0h1) The following constraint captures the fact that if a set of
if h~aFd(8CEN( Vtpill, hei then S is true at h, world-histories S is reachable by first going to the clot .t . ~ ~

where Vtpiiis the plan instance (member of PI) denoted by world-history where bpi, occurs and then going to the cls- , ,

the termpi eat world-history where bps, occurs, then there is a third
world-history bpi, that reaches exactly the world-histories

This can be read as saying that 1IFTRIED pi P is true at in S and has a time of occurrence equal to the smallest in-
world-history h. iff in all closest world-histories to 'sowhere terval that contains both bpil's and bpil's times of occur-
pi's basic generator occurs, P is true rence:

In this paper, we only present the most general prop- FCL5)
tries that Fv must have. In 1151 we discuss additional con- For every world-history (hi
straints that may be imposed on Pnrand discuss under what and plan instances (bpi, and bpi,),
conditions they are appropriate. For convenience, we de- there exists a basic plan instance (bpsi
fine F, by extending Ftto take world-history sets as its sec- such that TIME-OFibpilii - TiME-OFtCMP(bpjiz,.
onid argument and fc(bpis hi - F (bpip F(bpi' h)). ~ i

F~t(bp#. hS) -do '.*s FdlbPi. hi. &r and R are related by the following constraints:N
The constraints we impose are as follows: R-CL-1) I
There will always be at least one closest world-history For all world-histories (ho and hli

basic plan instances lbpii and intervals (I),
FCL 1)I if heFdslbpi. h.) and PRIORUs. TIME-OF(bpi))

For every world-history Wh then RU. h9, h,).
and basic plan instance (bpi), Fetdbpi, hi * 0.

R-CL-1 can be read as saying that if h, is a closest world-his-
If a basic plan instance bps occurs in a world-history II then tory to ho where bpi occurs, then h, is possible with respect 5
there is only one closest world-history where bps occurs to ho at all times up until the beginning of bpi'* cxecution
and it is h. In both Stalnakerts and Lewis' models, we have time. Thus ho and AI, share a common past up until the be-
the analogous constraint that if proposition A holds in ginning of bps's execution time.
world-history wo, then the closest world-history tow* where The following constraint leads to the fact that if II, and

Aholds is is0 itself. A* share a common past up until the end of bpis execution
FCL2)time, then any closest world-history to ho can be matched

For every world-history (h) and basic plan instance (bpi), with a closest world-history to III, that it share a common
if heOCC(bpsl then Fd(bps, hi = I h). past with until the end of bps.

The following constraint relates a composite basic plan R-CL-2
instance to its component parts: For all world-histories (h& hi, hco, h ,i

and basic plan instances (bpi)
FCL3I if R(TIME-OF(bpi, hII h,i and Ad*eFd(bpi. h, '.'. i

For every worie-history Wh then there exists a world-history (Hd,) such that
and basic plan instances (bpi, and bpizi, hc,,aFd(bpi, h,l and R(TIME.OFibpi. hm, h,).
If F;,(bps,, F,,lbpi,, I) G CC(CsAPtbpi,, bpeii)
then F,4CMP( bps,. bps2, hi - F.,( bps,, F dlbpi,, hi)l. VI. CON~CLUSIONk

This can be explained as follows. Let S ba the set of world- The logic presented in this paper extended Allen's linear S
histories that are reached by first going to a closest world- time logic with the INEV modality which expresses tern-
history where bps, occurs and then going to a closest world- porah possibility and IFTRIED which is a counterfactual-ike
history where bps, occurs. If both bps, and bpi, occur in modality that can be used to represent sentences describ-
every world-history belonging to S for equivalently, if ing how an agent can affect the world.This extends the class
CAEPt bps,. bps,) occurs in every world-history belonging to of planning problems typically handled by the situation cal-
S), then the closest world-histories to h where the corn- cuslus. In particular, a planning environment can be rep-
position CM Pt bps,. bpi,) occurs is exactly S. resented that has assertions about the past, present. and

The next constraint says: for all world-histories h and future, not just assertions about the curret stte Plan in-
times s, there is always a basic plan instance bps, later than stances can contain concurrent actions and have any ex-

PtLAviN AND ALLEW tOCIC OF PLANS IN TEMPORALLY RICH DOMAINS 139I1
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escution times: they are not restricted to be sequences of ac- (Karisruhe, W. Germany, Aug. 1163), pp. 711-714. ,
tions to be executed in the current situation. Finally, any (31 1. F. Allen. "Towards a general theory of action and time,"'
temporal statement can be a goal statement; we are not re- Ariica Intel.. vol. 23, no. 2. pp. 123-154, 1984.

(4 .F. Allen and P. 1. Hayes. "A common-sense theory of time."
stricted to goals that describe conditions that must hold just inPrcc 9th Int. joint Cant. an Artificial intelligence (Los Ans-
after plan execution. gales, CA. Aug. 1911151).

The IPTRIED modality can be used to specify which prop- M5 T. Dean. "Planning and temporal reasoning under uncer-
OsitionS Can and cannot be affected by the robot's actions. tainty." in Proc. IEEE Workshop on Knowledgo.8ased Systems

Withut akin exensonsneiher c~emot's o Al ~ (Dsever CO. 19641.
Withut akig exensons netherMc~rmot's r A- 11 I. E. Fikes and N. I. Nilsson. "STRIPS: A new approach to the

len's logic could encode this type of statement. We have application of theorem proving toproblem solving," Aificial L
shown howto use I FTRED to represent that some condition Intel).. vol. 2. pp. 189-20, 1971.,'
cannot be affected by the agent's actions, such as whether (1A. 1. GoldmanA TheoryoHumanAcion. Englewoodiffs. i

or not it is raining, and to represent that some condition NI: Prentice-Hall. 1970. 1X
could~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~~P aMasb aetu eades fteetra i- (3 . P. Georgeff, "A theory process." SRI tnt.. unpublished '

cumatances. M3 A. Haas. "Possible events, actual events, and robots." Corn- //~
By nesting the IFTRIED operator, we can represent how put. Intelt.. vol. 1. no. 2. pp. 59-70, 1985..

pla intanes nteactwit eah oher Wepreentd sf- 1101 A. L. Lansky. "Behavioral specifications and planning for inul' -plcint onitncs tath uacte othat. tWo plansintancSf. tiagent domains," Tech. Rep. 360, SRI Int., 1965.
ficient ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~0 codtosta urne ha w lnisacs (1 . Lewis, Counrerfacguals. Cambridge. MA: Harvard Univ.

can be executed together. Other forms of interaction can Pess. 1973.~s,,
"5also be represented. For example, the logic can represent (121 1. McCarthy and P. 1. Hayes. "Somer philosophical problems 'v%

that two plan instances can be separatelyexecuted, but can- from the standpoint of artificial intelligence,' inS6. Meltzer
not be executed together. This might be the case if the two and 0. Miche, Eds.. Machine Intelligence, Vol. 4. hew York.

plan nstaces ad cncurent xecuton tmes nd sared 1131NY: Elsevier, pp. 463-02. 1969. aotpo
pln nsanesha cncrrntexcuio tme ad haed 11 0 . McDermott, "A temporal logic for reasoning abu ropN

the same resource. cesses and plans," Coln. Sci., vol. 6. no. 2. pp. 101-155, 1962,
In fte last section, we vp@eensed the wtodell structure (141 L C. Moore, "Itisoning aboul knowledge ansdacton" Tec. v's

which consists of a set of possible world-histories related Rep. 191. SRI tnit., 1960. 0
bthe R relation which is used to interpret INEV and the (151 Rt. N. Pelavin. "A formal logic that supports planning with ex.

by fernal events and concurrent actions.,' Ph.D. dissertation.,
F~functionwhich is used to interpret IFTRIED. Frrembodies Computer Sci. Dep.. U. Rochester. expected in 1966
the notion of "closeness." The approach of interpreting a (161 E. D. Sacerdloti, A Structure for Plans and flehavior. Now %

counterfactua-like modality in terms of "closeness",c ok Y leve.17.~4~
cessibility relation derives from Lewis' and Stalnaker's se- (171 R. Statnaker. "A theory of conditionals." in W. L Harper. It.

Statnaker. and C. Pearre. Eds.. IFS. Dordrecht. The Neth. -V s
mantic theories of conditionals. erlands: Iteidef. 1981. pp. 41-53. trt %ae gp.

1163 f. H. Thomasson. "Indeterminist time and tuhvleSp.

(191 S. A. Vere, "Planning in lime: Windows and durations for aic-
(1 1. F. Allen. "Maintaining knowledge about temporal inter- tivities and goals.' Res. Rep.. let Propulsion Lab.. Pasadena

vats." Commun. ACM. vol. 26. no. 11, pp. 6324143, Nov. 1963. CA. Nov. 1981.
(2 1f. F. Allen and 1. A. Koomen. "Planning using a temporal world (201 0. Wilkins. "Domain independent planning: Representation

model," in Proc. 6th,. Int. joint Con. on Artificial Intelligence and plan generation.' Tech. Note 2.26. SRI Inc.. May 1963.
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PLANNING WITH ABSTRACTION O J

Josh Tenenberg"# .
Department of Computer Science , _ .

University of Rochester %' . ;l

Rochester, NY 14620 ,
josh@rochester

Abstract objects of type v are also objects of type w, and inherit all •. --.

Intelligent problem solvers for complex domains must have the properties provable of type w. We will call w an abstraction of v, .. ....

capbility of reasoning abstractly about tasks that they are called and v a specialization of w. These taxonomies enable us to make .-. ?,
upon to sov. The method of abstraction presented here allows assrtions abouta class of objects that we no" not repeat for. a.-,:l
on* to reason analogically and hierarchically, making both the of its subclasses. So, for instance, if it is asserted that all

task of formalizing domain theories easier for the system supportable objects can be stacked. then it need not be asserted

designer, as well as allowing for increased computational separately that blocks can be stacked, boxes can be stacked. and

efficiencies. it is believed that reasoning about concepts that trays can be stacked. It suffices to assert that blocks, boxes and

share structure is essential to improving the performance of trays are all supportable objects. This structure is not strictly a

automated planning systems by allowing one to apply previous tree, which means that each object can be abstracted &long
compuational effort expended in the solution of one problem to a sveral different dimensions, with the effect that every node .

broad range of now problems. inherits all of the properties of every other node from which there .

1. Introduction is a path. For example, a Bottle is both a Container and a Holdable

Most artificial intellgence planning systems explore issues-of object , since there are paths in the graph from Bottle to both ".

search and world representation in toy domains. The blocks world Holdahie and Container. Note that this structure admits no

is such a domain, with one of its salient and unfortunate exceptions. We prefer instead to weaken those assertions we can i

characteristics being that all represented objects (blocks) art make of a class in order to preserve consistency. '

rnodeli as being perfectly uniform in physical features. We Phys~bs
would like to model a richer domain. where objects bor varying .. .

to model blocks and trunks, which are both stackahie but of Supporter Contents Container, B'.

ontaier but of different shape and materal. As a consequence Idabl
of solving problems in this richer domain, we will want plans to
solved problems to be applicable to new problems based upon the N
s, milarites of the objec:ts to be manipulated. So. for instance, a Block Box Tray NoldCont Room
plan for stacking one block on top of another will be applicable to / *\
a similar trunk stacking in terms of its gross features, but will differ Impermeable Cart
a t more detailed levels. We will present a representation for plans .
of varying degrees of abstraction based upon a hierarchicalGlsBote,,

ognatoofotobet dacinthtpoiequalitative similarity metric for problems posed to the planner. figure I

This plan representation has the following property. When a plan We would like to represent actions similarly. Typically
iS xprss I I a ighlevl o abtrat~o, i wil aplytO wie (McCarthy and Mayes 1969), actions are repr'esented in terms of . ,.', ,#",W

class of problems but with little search information, while, when those conditions that suffice to hold before the performance of

to guide sarch. inherent inefficiency with this is that many actions share ')

4.Object and Action Abstraction preconditions and effects which must be speifid separately for"'

each ,an'ion, providing no means with which to determine which ,
A common way to represent physical objects is within a actions are similar and hence replaceable by one another in

taxonomic hierarchy [Hendrix 19791. A graphic example of part of analogous problems.

.

w indicates. asbset relation between these type. Therefoe, all taxonomy, by grouping actions into inheritance classes. An,'"" '' ;,2.:
example of a partial antion hierarchy is given in figure 2. The %

" :

Foundation, grants OCK-6405720 and IST-8504726. denote inheritance. As with the object hierarchy. if there is an •
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inheritance arc from action v to acton w, we say that v is a more actions. To reduce this search, we will make use of plans

specialization of w, and w is an abstraction of v. The sold'arcs that have already been found for solving previous problems. In

from a literal into an action denote necessary preconditions for order to use saved plans, the similarity between the previous

that action, and the solid arcs from an action to a literal denote problem solved by this plan and the current problem we wish to 0 a

effects of that action. Each action inherits all preconditions and solve must be evaluated, We describe plan graphs which are a
effects from every one of its abstractions. So, for instance, means for performing this evaluation. These plan graphs are .0

CamedAloft(x) is a precondition of placeln(xy) inherited from generalizations of triangle tables (Fikes, Hart, and Nilsson 1972).

put(x.y), and In(x,y) is an effect of placeln(xy) inherited from Using explanation based generalization (Mitchell, Keller, and " i

contain(xy). As we proceed down this graph from the root node Kedar-Cabelli 1985) techniques, from a primitive plan a plan graph or

traversing inheritance nodes backward, by collecting the is constructed which embeds the causal structure of the primitive

preconditions for each action encountered, we are adding plan such that the purpose of each plan step can be determined. -k

increasing constraints on the context in which the action may be Each action is represented not only as a primitive, but as a path d

performed in order to have the desired effects. At the source from a primitive to an abstract action taken from an action

nodes, which represent the primitive actions, the union of all of hierarchy, where the causal structure enables us to determine

the preconditions on every outgoing path constitute a sufficient which hierarchy to choose. Given a new problem, this plan graph "d. %,..j,

set of preconditions. An action can only be applied if its sufficient is searched for its most specific subgraph whose causal structure is -

set of preconditions are all satisfied in the current state. The consistent with the new problem. This subgraph represents an / - '

sufficient set of preconditions for placelnaox has been italicized, abstract plan for the new problem, and will be used as a guide for P S
and is exactly the union of those preconditions for each action finding the primitive plan for this problem. If an action in the

type on all paths from placelnBox to contain. Additional action original plan cannot be applied due to some difference between

hierarchies we might have are remove with specalizations the old and the new problem, such as a difference in

pourOut and liftOut, and the hierarchy open, with specializations corresponding objects manipulated, (e.g., a ball in one case, a box

openOoor and removeLid, in the other) we can replace this action by choosing another which

is a different specialization of the same abstraction (pickupBaff
replacing pickupBox, both of which are specializations of pickup). "Oet'()B Jcontaln(x y) J -I tny) relcn ukpobt fwih r pcaiain fpcu)

Alextro(ROBOr. y) in x) Thus many problems can be solved by performing search within
Conainer(y) -' 4 .the constraints of the abstract plan we have retrieved for this

Connect edTo(RO8OT. x) problem, rather than having to perform an unconstrained global

Room(y) *" search.

primitive plan, and nodes with directed arcs for each precondition

CamedAloft(x) and effect of these actions If an effect of an action satisfies a

precondition of another, this will appear as an arc from the first "-
action, to its effect, to the second action These causal chainsOn(z) nRBTyoeld(z) .Z/i::a .' Reachlnabie(y) " placeln(x,y) establish the purpose of each action in terms of the overall goal of , "

Holdz) Rachnabl~y) 1- =the plan. We will formally define plan graphs in two stages. The

1pourn(xyz) %4 first stage includes only the causal structure, while the second
• "" incorporates abstractions.

ln(hand(ROBOT),y) ." A plan graph G a (V,E) for primitive plan P is a directed acyclic

graph where V and E are defined as follows. The set of vertices is
•z partitioned into two subsets Vp and V,, precondition nodes and

IplacelnBox(xy) drop(x'Y) action nodes. Likewise, E is partitioned into two two subsets Ec
Box(y) ,11 ' ' and Es. causal edges and specializ&tion edges For every action in

fgure 2 P. there is a node in V, labeled by its corresponding action. If p is

Ill. Plan Abstractions an effect of action a in P, then there is a corresponding node in V.,

Planning involves finding a temporal~y ordered sequence of labeled p. and the edge (a.p) is in Ec, and for every action b in r

primitive actions which when applied with respect to the temporal that this instance of p satisfies there is an edge (p.b) in Ec. For

orderingfromagiveninitialtat*producesastateoftheworldin example, if action Al establishes condition K which is a

which the desired goals hold, and for which the sufficient precondition of action A2, then (KA2) is in Ec if and only if there ,.

precndiiomforeac priitie sionmus be atifie bythe does not exist action A3 that occurs after Al but before A2 that

state in which the action is performed. In this paper, a total dobbers K (establishes -- K). learly any precondition of each

temporal ordenng of actions will be used for simplicity, although action that is not satisfied by a previous action must be satisfied by -

the ideas presented here can be extended to more general the initial state. For every such precondition p there is a

temporal orderings (partial orderings [Sacerdoti 771, concurrent corresponding node in V% lbeled p. and for every action a in P for

actions (Allen 841). Such a totally ordered sequence of actions will which this instance of p is a precondition, there is an edge (pa) in do

be called a primitive plan, or simply a plan. Finding plans to solve Ec. Each action node in E. is additionally labeled by a number

given problems involves searching for a state of the world which indicating its temporal order, the nth action labeled by n .%
satisfies our goals from those states of the world which are This graph will be specified further by the addition of action

possible from the initial state through the performance of one or abstractions, but note that as it stands it is similar to a graph p
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version of triangle tables [F .es, Hart. and Nisson 1972]. and replaced by the abstraction seouence place,'Box,. placein, put. . ".-
fulfills much the same function I.v-e can ise the same technique as contain, and the preconditions NextTo and ConnectedTo are
used in triangle tables for gere'azing a plan by replacing all redirected to Contain, while CarriedAloft is redirected to put We
constants in the action and orecooition nopes by variables, and additionally redirect effect arcs (AO. p) such that the effects come 0 S
redoing the precondition proofs -o ada constraints on variables in from the highest abstraction A for which there is an arc (A, p) in
different action, of the clan that snou;l be bound to the same the chosen action hierarchy. in other words, p is an effect of
oblect (see previous reference for details). These constraints will abstraction A,, but not of any abstraction of A,. Turning again to ,
have to be aadeo to the graph as aditional Preconditions, but are figure 5. the effect arc into ConnectedTo is redirected to come %
left off in our examples for clariy The preconditions for this plan from attachToAgent. since this will be an effect of every 'i
graph are the set of source nopes (nOdes with no incoming arcs), specialization of this abstraction, and the effect arc to Grasped is
and the goals of tns cian g'aon are the set of sink nodes (nodes redirected to come from grasp We will additionally add temporal -
with no outgoing arcs). This graph has the property that any numberings to each abstraction on a path from each primitive .j.
subset of its goals can be achieved from any initial situation in action (although the examples will only number the highest pp..
wnich we can instantiate all of the preconditions by applying each abstractions for each action).
of ,te actions in order A plan graph forthe problem in figure 3 of -
moving a ball from one boa to another is given in figure 4 (nodes ,n(k.y) , ,%

1
. i n

representing preconditions satisfied by the initial state rather than i

by a previous action are not included in this figure). This graph + -

will be altered to include abstract actions in a straightforward I inxy
fasAion . .

figure 3
pu~ ) NextTo(ROBOT~y)

Z = i= ,,TotiO+., i

I I'c'''"),I i~ ° y I .;- q F A
i %

/ / °' ,°';+t " h'."1l 'S I,n(k.y),

• • ~ ~% lit = " %...

I Gonnected)To(ROBd x) Carri.dA-oft(x)

I :":'hToAgent~xi- A"

ConnectedTo(RO8OT x) Carriedloft() NextTo(fOBOT.y) i i ..-.P
Grasped() 4l@ rt..... % .

®%NextTo(ROBOTs)I

Grasped( ) 
1 O()l

NextTo(ROBOT~x) L-~ v~,~~

re hn~oxfhan1dfROOT zI Eolnllox~hanlROBOT07-z

figure 4 figure 5 0 S
Figure 5 is an example of the altered plan from figure 4 (the The primitive action nodes of this plan graph indicate the .- %'- % '

outlined subgraph of figure S will be explained later). This primitive plan that solves the problem for which the plan was *.

alteration is done as follows. For each primitive action A0 in V., constructed. The distance between an action node and one of the % %
we will add nodes to V, labeled A,, A2 ... A., (where n may be goals of the entire plan graph along its shortest causal chain is a
different for each primitive action) and edges to E. labeled (Ao, rough measure of the significance of the action to the overall .;.-\ %
A,). (A,. A 2). .. , (A.., A), where there exists some action plan. The shorter the distance, the more likely this action or an
hierarchy such that A, is an abstraction of each Ah for k<i, and A, abstraction of it will be required in a similar problem; the greater.-
Satisfies at least one effect p for which there exists a node in V. the distance, the less likely this action will be useful in a similar
labeled p and an edge in Ec labeled (AO, p). More simply, we add problem, This plan can thus be abstracted by one or both of the
an abstraction path from an action hierarchy to the plan graph following: removing causal chains from one or more precOnir,tion
We then redirect each preconition arc (p, A0) to point to the nodes, and removing specialization paths from one or more action '. - ,
highest abstraftion A, for which there is an arc (p, A,) in the chosen nodes. Each resultant partial plan graph represents a plan with
action hierarcny. In other words. p is a precondition of abstraction some of the detail unspecified. . s. ..

A,. but not of any abstraction of A For instance. placelnBox is
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Mort formaly, a partial plan graph P of plan graph P is any

subset of the nodes and arcs of P such that no source nodes arey

action nodes, at least one sink node (goal) of P' is in P, and these +
will bt the only sink nodes in P, and for every node in P, there oax

exists at least one path from this node to a sink node (unless that = XD
node is itself a sink node) Additionally, if b is an action node. -

then every node p for which there exists an arc (p.b) in P' will be NextTo(ROBOT,y)

added to P along with this arc Wt will additionally 'mark' each
source node in P that was also a source node in V. This mark +once~(OO )gter

indicates that this precondition is satisfied by the initial state of ngetNearly)

the original problem, as opposed to being satisfied by the i ,
performance of a previous action. The reason for marking these IltahT°Aent(" I
nodes will be explained later. From this definition, there will be MW moveToDoor(w7yiz)
several partial plan graphs that can be constructed from a given ,"-''

plan graph. The subgraph outlined by the dutted line in figure S is Grasped(x) '

one exapmIe. As before, the preconditions of a partial plan graph %-. '
are the formulas attached to the source nodes (not included in the r ,-" '

given figures), while the goals of each partial plan graph are the NextTo(ROBOTx) " '771 I_

formulas attached to the sink nodes. i. .J
Figure 7 is the plan graph for a plan to solve the problem from r - - - -

figure 6. Here a box must be moved between rooms In both this Ialraspall(
problem and that of figure 3, the goal is to move an object from -.. --

one container to another. This draws analogies between rooms .
and boxes, which are both containers according to our object o(x) ?
hierarchy, and between placing objects in boxes and pushing

objects into rooms, which are both containment actions, figure 7
according to our action hierarchy At an abstract level, the plan of having to backtrack through the actons of P itself. P thus serves as . e

attaching the object to the agent, and moving the agent from one an abstract guide to solving Q So, for instance, given the partial
container to the other suffices for both problems, and in fact this plan graph outlined in figure 5, we can find the remainder of the
is the abstract plan represented by the identical partial plan graph primitive plan (those actions not inside the dotted line) that solves .
that is outlined by the dotted line in both figures S and 7 So the problem from figure 6 by only having to do local search. By
although the problems that these graphs solve are different, at this, we mean that fo any non-primitive action in this partial plan
this level of abstraction they are identical graph, (such as contain, in figure 7), we follow arcs backward 0

through that abstract action's specialization tree (figure 2 in this .

LQ LL case) until we find a primitive action whose preconditions are all

satisfied by the state in which it is executed (pushln, in this

1example). If no such primitive exists, then additional primitives

must be inserted in this plan to establish the sufficent

preconditions for some specialization, where these inse-ted
actions do not clobber preconditions of any of the alreadyfigure 6 established succeeding actions.

We can generalize from this in that for any partial plan graph Unfortunately. we .annot in genoral know if a given partial

P of plan graph P', there will exist a set H of plan graphs for which plan solves a given problem instance unless we perform the

P will be a partial plan graph of each of them. That is, P will possibly unbounded local search 'or the primitive plan that

descnbe each primitive plan of each element from this set at some verifies this. It may not be possible to find specializations of each
level of abstraction We wil use the symbol lip to denote the extant abstract action without rei. -ering some of the actions,

largest such set. For instance, if we label the outlined partial plan and therefore backtracking through and altering the partial plan %.. ..-

graph of figure 5 K, then the graphs of figures S and 7 are in 11K graph itself. Although we are not guaranteed certainty, we can %. _
We will say that the primitive plan of each member of Hp is an still use the plan graphs as a heuistic for search. We will define a . P V % N

exlpanson of the partial plan graph P. The more general P is, that partial plan graph P as being applicable to a problem 0 if and only .

is, the smaller a subgraph of P' it is and hence the more abstract if the goals of 0 are a subset of the goals of P, and the marked "

each of its constituent actions are and the smaller its causal chains, preconditions of P are a subset of the conditions that hold in the . -

the larger will be the cardinality of Hp. We will say that partial initial state of Q. Recall that we marked all of those preconditions

plan graph P solves problem Q if and only if there exists an in a partial plan graph that were satisfied by the initial state of the

element of 11p whose primitive plan solves Q for some orginal problem. Applicability thus means that the current initial % %

instantiation of all of its variables by ground terms. state satisfies the same preconditions at this level of abstraction as

Given a partial plan graph P and a problem instance Q that P the original initial state.

solves, we can find an expansiun of P hat solves Q by only Suppose we wish to find a primitive plan for problem Q %

searching for specializations of the abstract actions of P without consisting of an initial state and a set of goals (for simplicity we
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wil assume that this goal is a single literal) Additionally suppose general levels, where the importance of a precondition is %.. Pd I

that the goals of plan graph P are the same as those of Q Wewill determined by the height at which it appears in the action
attempt to find the most specialized partial plan graph P' of P for hierarchy. Second, the search space of the new problem can be '

which an expansion exists that will solve Q, even though it is explored along those paths that do not match the original •
possible that no such P' exists. We will do this by traversing P problem, while attempting to leave intact those paths that do
backward from its goal node through the causal and match.

specialization arcs, considering increasingly larger partial plans of We must point out that the abstraction described in this paper I '
P. We will continue this traversal as long as the partial plan has not been implemented for even a small domain In fact, one
represented by all of the paths pursued is still applicable to Q, of the obstacles to doing such an implementation is that one may

stopping when we can no longer traverse any arc and still have likely only see benefits in a large domain, Thus, there will be little
applicability of the current partial plan to problem Q. The size of point to use this method as a representation for the vanilla ,locks Al
the partial plan that we have constructed is thus a qualitative world. An additional issue is in the choice of problems that the
measure of similarity between the original problem and the system will encounter. One can always construct problem
current one. If there are only insignificant differences, the partial sequences given as input to the problem solving system such that %

plan may be equivalent to the entire plan graph. If the differences the abstractions in the model will optimize performance. By the
between the problems are large, this may result in a graph of only same token, one can always construct problem sequences where
a few actions expressed at high levels of abstraction. But given the abstractions will give quite poor performance. The ultimate ,- J ,.
the exponential nature of searching through combinatorial test of a set of abstractions will therefore be empirical in that they •
spaces, knowing the temporal ordering of even a few of the must be cost-effective (in terms of some resource measure) only as
action abstractions that will eventually appear specialized in our compared with other problem solvers (human or machine) for a
plan may help significantly given domain We can make no such claims for the particular

IV. Previous Research abstractions of the limited physical world domain illustrated in
Abstraction in pilanning is typically viewed in terms of thispaper. The importance of this work is in how we can structure

decomposit:onal abstraction as used in NOAH-like planners knowledge for solving problems in domains that are far richer
(Sacerdoti 1977) In these planners, action A is an abstraction of than the ones in which the current generation of planners have . S
actions BC,D if the latter actions are each steps in the approached It is believed that inheritance abstraction will be a
performance of action A This type of abstraction is thus powerful technique in this endeavor.
orthogonal to inheritance abstraction presented here. '______.-

ABSTRIPS [Sacerdoti 19741, although using different Special tanks to my advisor, Dana Ballard. whose energy.
techniques, shares some important similarities. ABSTRIPS is an knowledge, piercing insights and trust have made it all

worthwhile, to Leo Hartman, who always seems to have an answer
iterative planner, where increasingly large subsets of when an answer is needed, and to Jay Weber, who will hopefully
preconditions of each action are considered at each successive solve the questions of how we go about constructing abstraction S
iteration. The develooed plan at each level is then used to guide hierarchies. %

search at more detailed levels, where the satisfaction of emergent References
preconditions is attempted locally, similar to what is done in this %

paper [Allen 841
Of even greater similarity, but within a different domain, is Allen. J F., 'Towards a General Theory of Action and T , " ".'\/

the work presented in [Plaisted 19811. who uses abstraction within Artificial Intelligence 23i 123 - 154, 1984. .

a theorem prover. He details how a desired proof over a set of (Fikes, Hart. and Nilsson 19721 0
clauses can be obtained by first mapping the clause set to a set of Fikes, R., Hart, P. , and Nisson, N, 'Learning and executing

generalized robot plans', Artificial Intelligence 3:251 - 288,
abstract clauses, obtaining a proof in this (hopefully simpler) 1972
space, and then using this proof as a guide in finding the proof in [Hendrix 19791
the original, detailed space. His mapping piocess end abstract Hendrix, G.C., 'Encoding Knowledge in Partitioned Networks'
proof are similar to our search for an abstract plan within our in, Associative Networks. ed. Findler. N.y. 1979

saved plan space - but rather than constructing an abstract plan (McCarthy and Hayes 19691

foreah nw robem weatemp t aproriae ne ro a McCarthy, J.. and Hayes, P., *Some* philosophical problems
for each new problem, we attempt to appropriate one from a forom the standpoint of artificial intelligence. In B.Meltzer
previously solved problem. and D. Michie (editors), Machine Intelligence 4. 1969.

V. Conclusion [Mitchell, Keller and Kedar-Cabelli 1985]
Mitchell. T., Keller. R. and Kedar-Cabelli, S.. 'Explanationo Based Generalization: A Unifying View. Rutgers Computer

search for solutions to new problems can be improved by using Science Dept. ML-TR-2, 1985.
solutions to old problems We believe that this approach can be (Plaisted 19811
used to these ends in a domain in which objects are Plaisted, D., 'Theorem Proving with Abstraction', Artificial
distinguishable at various levels of detail. We will try matching Intelligence 16:47-108, 1981
abstract plans to problems that have the same goals. Any such [Sacerdoti 19741

new problem whose initial state does not contain all of the Sacerdoti, E., 'Planning in a hierarchy of abstraction spaces",
Artificial Intelligence 5.115 - 135, 1974

Preconditions of the original initial state will thus not match the [Sacerdoti 19771abstract plan at every level, but will likely do so at some level. The Sacercloti, E. A structure for plans and behavior. American

partial plan graph still provides two important functions in this Elsevier Publishing Company, New York, 1977 %L
case. First. it ignores "unmportant' preconditions at the most
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Consqecsot epralt h ae astons is sont computalni se tioal etwe T e Intervls A ftm. Bcas hlgebra &Ios o

itractable i the krfoieralbase representatin but not i the point- indefinkheness in temporal relations, it admits marry possible rellationis
*based one. However, a fragment of the interval lAnguagef can be betWwe intervasi (213 i tact). &uA 611ot0 these relations can be

expreissed using the point language and benefits from the t0WbiiY expressed as vecton; of definite simrple relations, of which there are
ofthe tainer.' only thireen.2  The thirteen simple relations, whose definitions

apper I Fiure1, precisely characterize the relative starting and
The representation of time has been a recurring concern of ending points of two temporal intervals. If the relation between two

Artificial Intelisgence researchers. Many representation schemes intervals is completely defined, then it can be exactly descibed with
have been proposed for temporal reasoning; of these, one of the a simple relation. Aternatively, vectors of sile relations introduce
most attractive is James Anns algebra 0f temnporal Intervals (Anlan Indefiniteness In the description of how two temporal Intervals relate.
831. This representation scheme is panicularty appealing for Its Vectors are Interpreted as the disieurcton of their Constituenit slimple
simplicity anid for its ease ofl implementation with constraint relations.
propagation algorithms.________ ___________

Ijeasoiners based on this algebra have been put to use in several
ways. For example, the planning system of An and Koomen
(19l3 reiles heavily on the temporal algebra to perform reasoning A WO 9 8 AMTR A ,-~ s ~
about the ordering of action. Volegn approaches such as this one
may be compromised, however, by computational characteristics at
Lhe interval algebra. This paper concerns Itsel with theseA E 91Mil A A .. 0 4, ,
computational aspects of Allen's algebra, and of a simpler algebra atAofS 5b?
till" points.A

Our perspective here Is primarily computation-theoretic. We
approach the problem of temporal representation by asking A OVEIRLAPS 8 BOVERAPE1Y A

2 questions of complexity and tractabilit. in this fight, this paper
examines Ans interval algebra, and the simpler algebra of time A

The bulk of the paper establishes some formal results about theA A

temporal algebrats. in brief these results are:
"Deteffnining consistency of statements i the Iterval A OUING 8 G 00WAIN A , .
algebra Is NP-hard as is determining all consequences
of these statements. Anns polynonial-time Constraint
propagation algorm is sound but not conmplete forA

" in contratst. constralint propagation is sound and
complete for computing Consistency and conseqluences
of assertions i the time point algebra. It operates i
0("3) time and 0(n2 space. A0MS56IP

" A ristrled form of the Internial algebra can be A5 SEJA

formulated i terms of the time point algebra. Constraint Figure 1: Skmpl relations i the Interval algebra
propagation is sound and complete for this fragment. -*8~*

Throughout the paper, we consider how thes formal resuts affect
Practical Ari"la Intgepnc programs. Two examples will serv to dlrl these distinctions (please rteor -

to figure 2). Consider the si"l relatilons BEFORE ad AFTER. ~ .

they hold betwien Iwo Intervals that st~tly folow each olher, without
overtopping or meeting. The two differ by the ordier of their

Alln lwt iim Iikwi de abm e in hi 0~ ep in 111lm of

'Til" "uwil viii i Wa by goe Admi oriaWd Rsewn Pl a o wf.a Witb "'il1
04 100. illm~s N000144116-.i7 old N.114 -7C-037111.r ~id*i.~AU ly. 5 8
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arguments: today John ate his breakfast BEFORE he ate his lunch, V, - (BEFORE MEETS OVERLAPS) r

and he ate his lunch AFTER he ate his breakfast. To illustrate V2 -(BEFORE MEETS) %
relation vectors, consider the vector (BEFORE MEETS OVERLAPS). then the product of V, and V2 is
It holds between two intervals whose starting points strictly precede V (F
each other, and whose ending points strictly precede each other. V1 x V2 - (BEFORE)
The relation between the ending point of the first interval and the As with addition, the multiplication of two vectors is computed by
starting point of the second is left ambiguous. For instance, say this inspecling their constituent simple relations. The constituents are,
morning John started reading the paper before starting breakfast. pairwise multiplied by following a simplitied multiplication table, and
and he finished the paper before his last sip of coffee. If we didn' the results are combined to produce the product Of the two vectOrS.
know whether he was done with the paper before starting his coffee, See [Allen 831 for details.
at the same time as he started it, or after, we would then have:

PAPER (BEFORE MEETS OVERLAPS) COFFEE

Returning to our formal discussion, we note that the interval ,i, , !
algebra is principally defined In terms of vectors. Athough simple A'-, ",---

relations are an integral parn of the formalism, they figure primarily as
a convenient way of notating vector relations. The mathematical - .-
operations defined over the algebra are given in terms of vectors: in "7 . ,
a reasoner bulk on the temporal algebra, all user assertions are N..

made with vectors. c
Two operations, an addition and a multiplication, are defined over I 0

vectors in the interval algebra. Given two different vectors describing
the relation between the same pair of Intervals, the addition %
operation *intersects" these vectors to provide the least restrictive RcA,B> - (BEFORE MEETS OVERLAPS)
relation that the two vectors together admit. The need to add two RcB,C> - (BEFORE MEETS)
vectors arises from situations where one has several independent
measures of the relation of two intervals. These measures are R<A,C> - (BEFORE)
combined by summing the relation vectors for the measures. For
example, say the Wation betwen intervals A and B has been Figure 3: Intervals whose relations are to be rmultiplied
derived by two valid measures as being both

V, - (BEFORE MEETS OVERLAPS)
V2 - (OVERLAPS STARTS DURING).

To find the relation between A and B, that is implied by V, and V2?
the two vectors are summed: Determining Closure In the Interval Algebra

In actual use. Allen's interval algebra is used to reason about
temporal information in a specific application. The application
program encodes temporal information in terms of the algebra, and

Simple relations: Brag t BEFORE Lunch asserts this lrtomtation in the database of the terporal reasoner. , .
This reasoners job is then to cornpute those temporall mlataonsLunc AFTER brakfas which follow from the user's assertions. We refer to this process as

completing the closure of the user's assertions.
In Allen's model, closure is compuLted with a constraint

e01ch u~mpropagation algorithm. The operation or this forwwrd-chalNing
algorithm is driven by a queue. Every time the relation between two
Intervals A and B is changed, the pair <A, B> Is placed on the queue.
The algorithm, shown in Figure 4 operates by removing pairs from
the queue. For every pair <A B> that t removes, the algorithm
determines whether the relation between A and 8 can be used to
constrain the relation between A and other intenais in the database,

Batt-3~L. P%1N (BEFORE MEETS OVRLAPS) Ccii. or between B and these other initervals It a new relation can be
successfully constraindd then the pair of Itervals that 11 relates is In J
tum placed on the queue. The process terminates when no more '
relations can be consirained.

As Allen ugget [Allen 831, this constraint propagation algodthmA -'-- "----'-" - -" runs to completion in time polynomial with the number of idervals in op r
pow the temporal database. He provides an estimate of 0(n2) call to the

1Igure 2: Examples of skml relations and relation vecors Propgaate Procedure. A more finegrained anasis reveals that
when the aW thm runs to completion, it will have performed o("
multiplications an additions of temporal relation veotors.

V+ V1 - (OVERLAPS). Theorwn 1: Let I be a set of n intervals about which m
Algoa'ithmlcly, the sum of two veors is computed by finding their assertions have been added with the Add procedure. •
coriinconsthuet sumpoe rto os icomputedWhen invoked, the Cos procedure will run to completion
common mituent relations. in 0(nr3) time.

Muliplication is defined between pairs of vectors that relate three Proof: (Sketch3 ) A pair of intervals cip> Is entered on
Intervals A 8, and C. More precisely, i V, relates intervals A and B,
and V2 relates B and C, the product of V, and V2 is the least
restrictive relation between A and C that is permitted by V and V, 3Mt re ow msmos ini om olw iw gia b . For t mwl. "%
Consider, for example, the situation in Figure 3. N we have h mr4 haag a po u - ahotlas. ,,"""'I
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whchTW olsth eltonbtwenItevlsian . 3sien constten two vcoslxto be multiplicae.then ibned, ofN ,

TSAbie1i. i nitialized to (BEFORE MEETS.. AFTER), the and the Idealization of multiplication as operating in consat timeis
additive Iderity vector consisting of all thirteen simple reiltons: acetb.
except for Tablefr~ wich is Initialized to (EQUAL).
Let Queue be a FIFO data structure mhat will keep track of those Note that the polynonmial time charactenization of the Constraint
pars of Intervals whose relation has been changed. propagation algorithm of Fire 4 is somewmhat misleading. Indeed,
Let Itervals be a list ot all Intervals about which Alen 11983) demonstrates that the algorithm is sound, in the sense
assertions have been made. I/ that It never hrders an Invali consequence of a Set of asseitions.

However, Alldn also shows that the algorithm Is Incomplete: he
-To Add(R-c4fr) produces an example in which the algorithm does not make all the

P R.A.6- lea rotation being asseted between l and j.*/ inferences that follow fromn a set of assertions. He suggests, tha'
computing the closure of a set of temporal assertions might only be

begin possible In exponential time. Regrettably, this appears to be the %~
Old +- Tablij case. As we demonstrate In the following paragraphs, computing ~ -.

Tabieffj - Tab/efi+ R-.c; closure in the interval algebra le an NP-hard problem.
If Tableo.j) * Old

then Place 4b on Fito Queue;
Intervals +- Irdervals U(i. A; Intractability of the Interval Algebra

end: To demonstrate that computing the closure of assertion Is NP-
hard, we first show that deternning the consistency (or tatisfiability)
of a set of assertions Is NP-hard. We then show that the consistency

TO CIO"and closure problems are equivalent.
r Computes the closure of assertions added to the daiabase. ITheorem 2: DetermIning the satisfiability of a set of

While Oueue is not empty do assertions in the interval algebra is NP-hard.
begin Proof: (Sketch) This theorem can be proven by .0Get next vi,p- from Queue; reducing the 3-clause satlsfiability problem (or 3-SAT) to

P epegsteiA the problem of detenrining satlst lability of assertions in the
end; interval algebra. To do this, we construct a

(oomputationalty, trival mapping between a formula in 3- -

SAT form and an equivalent encoding of the formulaa in the
To Propagate(IA interval algebra.

rvals tan P oall ther ihnteras to th rottio bengern
intevalsI ad J o al oter Itervls.formnula, and Its negation -P a pair of intervals, P and

For each hIerval K In llftasd NOTP. These Intervals are then related to a 'truth
begin determinlng interval MIDDLE: Intervals that fall before

Temp4- ablpI. (abl~l,~x abl(J,)):MIDDLE correspond to thlaetermns. and those that fall after
tTorni-o. MIDDLE correspond to true terms. The original formula is .

then(slnalconradctin):then encoded Into assertions in the algebra; this can be
It Tblel.K * empdone (deteministically) in polynomial time.

then Place -dtK> on Qusur, The encoding proceeds clause by clause. For each
Tawfl-'(7 - Tom' Clause P v QvR, Special Intervals are Created. These
Temp. - T~ble4 +J (TAble(K.I x TableflJ): intervals are related to the lterals' intervals P, 0. and R in
if Tomp.Q such away that at most two ofttese intervals can be

then (signal contradiction); before MIDDLE (which makces them false). The other (or
It Tab/ep.4 * TerM others) can fall after MIDDLE (which makes them true).
then. -PTcemp K.bonQmeit can then be shown that the original formula has a

end; KJ.-Tap model Wrs in case t intervall encoding has one too.
Satisflilty of a 3-SAT formula could thus be established

FIGur 4: The constraint propagation algorithm by determining the eateflabilty of the Corresponding
___________________________ iterval algebra assertions: Since the former problem Is

NP-complete, th latter one must be (at least) NP-hard.
Ouate when Its relation, stored in TabdeIJ Is non-trivaly The following theorem extends the NP-hard result for the problem
updated. It is easy to show that no more than 0(n2) pairs of determining satisfiabilty of assertions i tie Interval algebra to the
Of Intervals cij. are ever ereted ofto the que~. This is problem of deferrning dloour of twos assertions.
because fthe are Only 0(112) relatiors poslole between Theorem 3: The problemns of determining the
the n intervals, and because cacti relation can only be asllabilfy of assertions in the interval algebra and
non-tilly updated a constant numober of times. determining teir cloeure are equivalent, I that there are

Further. every time a Pair c. bs removed from Queue, polytinna tinuilappings between therm
the algorithm performs 0(n) vector addiion and Proof: (Sketch) First we show tha determining closre*
mltiplications (in the body of the Propagate procedure). bolows readily from determilning consistency. To do so.
Hence the time Complexity of the algorithm Isl assumeo the existence of an oracle for determining the
0(n *r12) a 0(ns) vector operations, consistency at a sao of assertions in the Interval algebra.
Th vC OW~i~'V canl be considere here to take constant To doerln*e the closure Of the sserions we run the

tm.BY encoding vector as bit Strings, addition can be performed oracle thirteen timeU for each of the %(1)pisd~.O
with a 13-bit Integer AND operation. For muiplication, the Itervals mentioned in the aserions. Specifically, each

CON"lexllyIs atualy (IVI'IV1).who IVI anl IA a fttime we run the oracle on a pair 4dj3.. we provide the
compexit is ctully (IV, I~l). here1V1ISli I~a StetheOracle with the original Me ot assertions, and the addiiolb
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assertion i (R) j, where R is one of the thirteen Simple
relations. The relation vector that holds between i and j is A
th Oner containing those simple relations that the oracle A PRSCsDES 5 ,

To Show that determining consistency follows from • : t
determining closure, assume the existence of a closure A SAME I A 0 ,,. ,
algorithm. TO see 1f a set01 Ofassertions is consistent, run se-'
the algorihm, and inspect each of the O(nA' relations
between the n inteivas rnemioned In the assertions. The
database s Inconsistent 0 any of these relations is the Am U* 4 A
Inconsistent vector. this is the vector composed of no
constituent simple relations. Figure : Simple point relations

The two preceding theorems demonstrate that computing the
closure of assertions In the interval algebra is NP-hard. This result
cast great doubts on the computational tractability of the algebra, as between two points A and B. given the relations between each of A
no NP-hard problem is known to be solvable in less than exponential and 8 and some intermediate point C.
time.

Computing Closure In the Point Algebra
Consequences of Intractability As was the case with intervals, determining the closure of

Several authors have described exponential-time algorithms that assertions in the point algebra is an inportant operation. * •
compute the closure of assertions in the interval algebra, or some Fortunately, the point algebra is sufficiently simple that closure can
subset thereof. Valdbs-Pbrez 119861 proposes a heuristically pruned be computed in polynomial time. To do so, we can directly adapt the
algorithm which is sound and complete for the full algebra. The constraint propagation algorithm of Figure 4. Simply replace the
algorithm is based on analysis of set-theoretic constructions. Malik & interval vector addition and multiplication operations with point
lintord (1983] can determine closure for a fraction of the Interval additions and multiplications, and run the algorithm with point
algebra with the exponential Simplex algorithm. As we shall show assertions instead of Interval assertions.
below, their method is actually more powerful than need be for thefragment that they onsider. As before, the algorithm run 110 ompletion n (r

s) time, where n
is the number of points about which assertions have been made. As

Even though the interval algebra is Intractable, it Isn't necessarily with the Interval algebra, the algorithm is sound: any relation that it
useless. Indeed, it s almost a truism of Artificial Intelligence that all Inters between two points follows from the users assertons. This
interesting problems are computationally at least NP-hard (or worse)! time, however t algorithm Is complete. When It tferinates, the
There are several strategies that can be adopted to put the algebra closure of the point assertions wilt have been orrectly computed.

to oti Inpraticl sstes.We prove compleiteness by rbfenulng to the mostheory of the
The firt Is to fmit oneself to small databases, containing on the time point algebra. In essence, we consider any database over

order of a dozen intervals. With a small database, the asymptotically which the algorithm has been run, and construct a model for any
exponential performance of a complete temporal reasoner need not possible Interpretation of the database. If the database is Indlefinite, • S
be noticeably poor. This is In fact the approach taken by Malik and a model must be constructed for each pooi resolution of the .,
Binford to manage the exponential performance of their indefinieness.' 1  

,.r.id

Snimoex-based system. Unfortunately, it can be very difficult to
restrict oneself to small databases, since clustering information in We choose the real numbers to model time points. A model of a
this way necessarily prevents all but the qimplet interrelations of database of time points is smply a mapping between those timeintervay in spratevdtabsls points and some corresponding real numbers. The relationsbetween time points are m to relations between real numbers

Another strategy is to stlck to the polynomial-tine constraint in the obvious way. For example, N fime point A precedes time point
propagation closure algorithm, and accept its incompleteness. This B in the database, then As corresponding number is less than B'a.
is acceptable for applications which Ls a temporal database to T: Th e 
notate the relations between events, but dont particularly require eo :T otpai lrh s.complete for the tim point algebra. That Is, a model canmuch inlerence hror the temporal reasoner. For applications which be constructed for any Intearpretation of the processed .< ,make heavy use of temporal reasoning, however, this may not be an datab

Proof: (Sketch) We first note that ti algothmFinally, an alternative approach is to choose a temporal parttin the database inko one or more patlal ordei
representation other than the full Interval algebra. This can be either graphs. . er the algorithm is run, each node In a graph
a fragment of the algebra, or another representation altogether. We corresponds to a clster of points. Thes we ON points
pursue this option below. related to by the vector (SAME); note ta the alotm

compuites the transitive cloeure of (SAME) assertions.
Arcs In the graph either Indic at prceenc (the vectors A'IyA Point Temporal Algebra (PRECEDES) or (PRECEDES SAME). or thek Ineres) or .1k

An alemative to reasoning about Intervals of time is to reason disequay (te vector (PRECEDES FOLOWS. At the
about points of time. Indeed, an algebra of time points can be bottom of each graph is one or more bottonf nodes:.%. =
defined in much the same way a was the aebra of time lrervals. nodes which are preceded by no other node. ,. ,. - . -
As with Intervals, points are related to each other through relation
vectors which are composed of sn" poin relations, These Further, when the algorithm has run to ompleton the 0
primitive relations are defined in Figures.

As with the interval algebra, the poInl temporal algebra possesses
addam and mulilwication operations. These operations, whose e
table are given in Appendix , mirror the operations in the interval m0W CNA 116 MO M
algebra. Addition Is used to combine two different measures of the a wo. W be ft war hav td In s 1111111120
relation of two points. Multiplication is used to determine the relation hImqte s filwd byte orpwri mNesr.
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graphs are all consistent, in the following two senses, point assertions, but the vector (BEFORE AFTER) can not. See
First, all points are linearly ordered: there is no path from Figure 6.
any point In a graph back to itself that solely traverses
precedence arcs (time doesni curve back on itself).
Second, no two points that are in the same cluster were INTERVAL POINT 0
assaled to be disequal with the (PRECEDES FOLLOWS) VECTOR TRANSLATION ILLUSTRATION,. '
vector. 0 the user had added any assertions that
contradfted these consistency criteria, the algorIthm A?
would have signalied the contraiction. A (SWRE3 a- (PR,3 zS) a- 7 /

Note aw aothe preceding properties can be shown METS5 A+ (PR2=ZS) S+  /-":/with simple induWlvg proofs by consliderin the 0gorkthm 11- T)II & (PRZ=&S) z1+ A

and the addition and muillcation tables. - 0
The model construction proceeds by picking a cluster of

points (i.e., a node) at the ttom" of some graph and *,,

assignIng snot It constituent points to some real number. A (331033 Alo equivalent AA.
The cluster is then removed from the graph, and the AIIr) a point form
process proceeds on with another real number (greater Figure 6: Translation of Interval algebra to point algebra
than the first) and another cluster (either in the same graph P.". ';

or In another one). The process is complicated somewhat ___________________

becus some clusters may be equar to other clusters The fragment of the interval algebra that can be translated to the(their constituent points may be related by some vector Th r|eto teitra lebata a etrnltdt h
(thircontient tsmE relat Fr oe ca point algebra benefits from an the computational advantages of theo e thcoe SEeeral(eon e ormo) these kis latter. In particular, the polynomial-time constraint propagationpousible to gceterse" several (zero, one, or m ire) of these algorithm is sound and complete for the fragment. This-As thecustaers together, and assign their conslituent points to the interval representation method that Simmons uses in his geologicalsome real number. Some other clusters may be reasoning program [Simmons 83, and personal communication]."l-. For these, we must just make sure never to

-collapse- them together. Because the choice of which This fragment of the Interval algebra is also the one used by Malik
,bottom" node to remove and which clusters to collapse is and Binord (19831 In their ipacio-temporal reasoning program. In
non-deterministic, the model construction covers all their case, though, reasoning is performed with the exponential
possble interpretations of the database. Sinplex algorithm. This use of the general Simlex procedure is not

strictly necessary, though, since the problem could be solved by the
considerably cheaper constraint propagation algorithm.

Relating the Interval and point algebras' Although many applications may be able to restict their Interval
The tractability of the point algebra makes it an appealing temporal reasoning to the tractable fragment of the Interval algebra,

candidate for representing time. Indeed, many problems that involve some applications may not. One program that requires the lull
temporal aequmcing can be tonutaited in terms of simple points of interval algebra is the planning system of Alen and Koomen 119831
time. This approach is taken by any of the planning programs that that we referred to above. In this system, actions ar modeled with
are based on the situation calculus, the patriarch of these being Inervals. For example, to declare that two actions are non-
STRIPS [Fies & Nilsson 711. overlapping, one asserts

However, as many have pointed out, time points as such are ACT , (BEFORE MEETS MET-BY AFTER) ACT2
inadequate for representing many real phenomena. Single time As we Just showed, this kind of assertion fals outside at the
points by themselves aren't sufficient to express natural language atbe famt of th in algea in alan ith thsemantics [Allen $41, and they are very Inconvenient (11 not useless) tractable fragment of the interval algebra. In a planner wit this
sorodemntis[n 8an thel eve inactionvenies otle) F architecture, this representation problem can be dealt with either by
for modeling mny ntural events andc tions [Schrnolze 861. For Invoking an exponential temporal reasoner, or by bringing to bear
these tasks, an interval-based time representation is necessary. .speciac knowledge about the ordering at actions.

Fortunately, many interval relations can be encoded in the point
algebra. This is accomplished by considering intervals as defined by
their endpoints, and by encoding the relation between two intervals Consequences of These Results
as relations between their endpoints. For example, the interval Increasingly, the tools of knowledge representation are being put
relation to use In practical yrtems. For these sytems, It is often c uia that

A (DURING) B the reprsentation components be computationaly efficient. Ths
can be encoded as several point assertions has prompted the Aartiicial Irdtellgewe community to start tngaki"

seriously the pertomiance of Al algorthms. The present paper, byA. (FOLLOWS) B- considering cficl the computational characteristics of several
A+ (PRECEDES) + temporal representations., olows this recent trend.
A- (PRECEDES) A+
8- (PRECEDES) +, What lessons may we Ioam from analyses such as this? Of

Immnediate benefit Is an ur~oruranating of vie comptinllwhere A- denotes the starting endpolrd of intterval A, A+ denotes Its advantages and deadvanags of fterent representationtinlehing endpoint, and inVlarty for B. languages. This permils Iormed decisions as to how the
This scheme captures a unambiguous relations between representation components of application system should be r' , .

intervals, ta is a relations that can be expressed using vectors that structured. We can better understand when to use the power of
conta, only one skple constituenl. It can also capture many general representations, and when to set these general tool aside in
8mblguou relations, but not an. One can represent ambiguity as to favor of more applicAtIor-specitic reasoners. 1, N
the pairwise relation of endpoints. but one can not represent A close scruliny of the ongoing achievements of Aftificlal
ambiguity as to the relation of whole intervals. The vector Intelligence enables a better understanding of the nature of Al
(BEFORE MEETS OVERLAPS) for example can be encoded as methods. This process is crucial tor the maturation of our field.
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Appendix: Algebraic Operations In the Point Algebra
Addition and rmultiplication are defined in the point algebra by the References

two tables in Figure 7. These operations both have constant-time
implementations It the relation vectors between time points are
encoded as bit string$. With this encoding, both operations can be S
performed by Simple lookups in two-dimensional (8 x 8) arrays. [Allen 831 Allen, J. F.
Altertnatively, addition can be performed with an even simpler 3-bit Maintaining Knowledge About Temporal Intervals.
logica AND operation. Communications of the ACM 26(11)8S32-843.

November, 1983.
[Allen 841 Allen. J. F. I

< < > ) - ?- 7 Towards a General Theory of Action and Time.
--------- 4-----------------Atificial Intelligence 23(2):123-154, 1984.

.----------- +---------------- [Allen A Hayes 85] Allen. J. F. and Hayes, P. J.
<=I< <-I 0 1 0 1 ' a <I A Commo-Sense Theory of Time.

-------------- In Proceedings of the Ninth International Joint
> Conference on Arliticial Intelligence, pages

+---t ------------------- 528-31.TheIntrnaionl JirdConference
>=I 0 1 - I > I >=l a > II on Autificial Intelligence (IJCAI), Los Angeles.

+--- -------- --------- CA, August, 1985.

(Ale < KomI 83] >101 - lAllen. James F., and Koomen. Johannes A.
----- I --I - I-> I- 0 -- l---- Planning Using a Temporal World Model.

? I I <I >I >- - --I? IIn Proceedings of the Eighth international Joint
---I-----------I-------------- Conference on Aftificial Intelligence, pages

741.747. The Intemnational Joint Conference
on Artificial Intelligence (IJCAI), Karlsruhe,

X I < < > 7 - - 71 W. Germany, August, 1983.
__ 1 1 Fikes & Nilsson 711

< I I17 17 1I ? I ? Fikes, R., and Nilsson, N.J.
4 ------------------ 4--+STRIPS: A new approach to the application of

<-I < I <01 ? 1 7 I <=I ? I ? I theorem proving to problem solving.
---------------------- AtlIfIl Intelligence 2:189-208,1971.

)1 7 1 7 I > Ia ~ I ? [ Malik & Binford 83]
Malik. J. and Binford, T. 0.

< I~ > ? m Reasoning in Time and Space. 5
-- -- -------- --- In Proceedings of the Eighth Intl-. joint ~"
1 7 7 I7 I I ~ 7 I7 IConference on Artificial Intelligence, pages

7 1 71 71 ? ? ? ? ?1 343-345. The Intemnational Joint Conference
------------------------- on Artificial Intelligence (IJCAI). Kadrsuhe,

W. Germany, August. 1983.%

Key to symbols: [Schmotze 861 Schmolze, J. G. r '

Physics for Robots: Representing Everyday
0 18 1), the null vector Physics for Robot Planning.

< e is mZ~zs) PhD thesis, The University of Massachusetts.
>m IS (rwazOzs)s Amherst, 1986.

>- I (SAM~ ro w [Simmons 831 Simmons, R. G.
isl (SAM) The Use of Qualitative and Quantitative
Is ma(PzicciDZs r Simulations.

IP IS (13zcczs s~~s IrL In Proceedings of the Third National Corference
on ArtIfca Intelfigence, (AAAI483). The

Figure?7: Addition and multiplication In the time point algebra American Association for Atificil Intelligence.
_____________________________Washington, D.C.. August. 1983.

[Valdes-Perez 861 Valdes-Perez, R. E.
Spato-Temporall Reasoning and Linear

Inequalities. %i.
1988.%
Unpubiashed A.1 Memo, Massachusetts Institute of

Technology Artificial Intelligence Laboratory. :
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