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A.l1 Introduction

In the past year we have made significant progress, both on the development of
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
distributea 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 an mady 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 recentl
submitted to AAAI-87 goes into more detail describing the model theory, and Ric
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 receat 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 r%guiring 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 gerformed 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 theory.
Finally, the thesis describes a number of recc;gnition algorithms which correct
implement the theory. The analysis provides a firm theoretical foundation for mucﬁ
of what is loosely called “frame based inference,” and directly accounts for problems
of ambiguity, abstraction, and complex temporal interactions, which were ignored by

revious 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
involving a micro-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
sistaem is essentially a rewrite of HORNE with several important extensions: 1.) the
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 algori for monotonic retractions. We plan to
handle non-monotonic updates of a database (addition causin%J 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 that 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 (FOPC) axiomatization into a simpler theory having
fewer predicates and axioms. In this way one might, for instance, map a theory
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 ABSTRIBg. 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.
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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.
For the most part, this served as foundation material for the decision to rewrite
HORNE from scratch, which turned into the RHET groject. We released HORNE
ggd doctt)xmentation at the end of August, 1986. Work began in earnest on RHET in

ptember. v

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:
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. N
- Increase maintainablity via a coherent design vs. the HORNE design "N SIANY
which had evolved through time, and via a coherent implementation vs. a .:‘;»ﬂ" {4
collection of student projects. o e
» lh-.v [
- Increase (future) extensibility by improving code modularity and building v-‘.;-\"? iy
in support for user provided subsystems. %‘ﬁ.
AL
- Increase (future) portability by increasing common-lisp compatibility. o , ::',:!_,_
- Improve performace by tailoring low-level functions to the target “_/ﬁ- AT
machine(s). AN o A
,":‘ n - ' ‘
Most of the HORNE system's functionality is retained in the new lﬁ-{;’,:; ot
implementation. In particular we retained both the backward and forward chaining Mﬂf .'.g'."
reasoning modes, the Frame subsystem (i.e. types with roles, constructor functions), .
the use of universally quantified, potentially type restricted variables in an extended R
unification algorithm, full reasoning about equality between ground terms, and ,.:i::h::‘-:.:l}
LISP compatibility (i.e. the system can be called from LISP, and predicates in the ° c'.}.'::n.;.:n:.:c;
system can be defined to expand to lisr function calls). Any system using HORNE :a" ansy
should be convertable to RHET with only minor changes. N
To this, we plan to add a wide of new capabilities, including: ._ A :
ARG
- An extended type calculus (handling set subtraction between types, e.g. £ :1% -
ANIMAL-BIRD is the set of all animals that are not birds); e §§E &

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

- Allowing user-specifiable specialized reasoners, which will allow a user to
inform the system that he will supptlﬁ' code to reason about objects of a
particular type, which should allow the system to be used in specialized
domains (TEMPOS, an extended version oty 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

i A o e
editing axioms, etc. :‘::::'“ ""'53".5
By the end of 1986, we had implemented Rhet's basic functions for maintaining ;::«::::;-‘-{;::}
the knowledge base, including contexts and equality reasoning. SRR
& -.&; M
A.3 Representing Simultaneous Actions & '
. QN
We developed a model of action and time that represents concurrent actions ;ﬂé&f\' n
and external events. Our starting point is Allen’s interval logic [Allen 1984]. In this @: W
formalism, a global notion of time is developed that is independent from the agent’s :{\m W
actions. Temporal intervals are introduced to refer to chunks of time in a global time PY °
line. An event is equated with the set of temporal intervals over which the change i AN
associated with the event takes place. Thus, there is a notion of what is happening RGOy
]
" \ I‘
A-3 :'10: C :}:‘0
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while an event is occurring. One can describe simultaneous events by starting that
two events occur over intervals that overlap in time. Properties, which refer to static

0 conditions, are treated similarly to events; they are equated with the temporal
intervals over which they hold. Both relative and absolute specifications can be used
3 to temporally relate events and properties.
X Allen’s logic can be used to describe what actually happens over time, but
¥ cannot be used to des :ribe the different possibilities that the agent can bring about.
o 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
0 produced by executing different actions in different situations. To accommodate this .
U deficiency, we extend Allen’s logic with two modal operators. Both these extensions Rt
4 are introduced in chapter two after discussing Allen’s logic in more detail. First, we ::ﬁt:?“"
R add a modal operator that captures temporal possibility enabling us to describe the Haee
0 different possible futures at some specified time. This allows us to distinguish A
between conditions that are possibly true and conditions that are inevitably true at a LaXedat
v specified time. This extended logic can be characterized as a branching time logic. . _.
;a AN
§:: After extending Allen’s logic with the inevitability operator, we show that this o ':::
' extension alone is not sufficient for our purposes. It does not distinguish whether a B2
Y ssibility is caused by the agent, caused by the external world, or caused by both N e
" ?:ctors. Making this distinction is necessary if we want to formaiize what it means Pt
' to say that a plan executed at a specified time solves the goal. For this purpose, we o
;:} introduce a second modality IFTRIED which takes a plan instance and a sentence as A2l i
;}0 arguments. Roughly, plan instances refer to both actions and plans to be executed at Pl
» specified times in specified ways. Plan instances take the place of plans and actions ‘,E:’.:..:!
=) in our theory. The IFTRIED modality represents statements that can be interpreted % 'a',é:...j
as saying “if plan instance pi were attempted then sentence S would be true.” There SVHNN)
< are two ways to look at this modality, either as a subjunctive conditional or as a el
. generalization of the result function from situation calculus. & Ry
o) i..
" A formal specification of the logic is then given. Our basic approach to the "ﬁf
[ semantics can be characterized as possible worlds semantics which was developed by PRI
Hintikka [Hintikka 1962] and ref{;ed by Kripke [Kripke 1963]. In this framework, RO
N a set of objects called possible worlds is identified as part of a model. In our system, Nk
0 we refer to possible worlds as world-histories to emphasize that they correspond to Srerd
N worlds over time, not instantaneous snapshots. Each sentence in the lanEuage is RAR
p given a truth value with respect to each world-history within a model. The truth T
value of sentences formed from the modal operators are given in terms of relations :-'*'“ $
1 and functions defined on the set of world-histories. We pay particular attention to NI
e the functions that are used to interpret IFTRIED. This treatment derives from the e
\ semantic theories of conditionals developed by Stalnaker [Stalnaker 1985] and ey
o Lewis [Lewis 1973). BN
W) N
“ We then developed a proof theory that is sound with respect to the semantics. i::::;:-.
The axiomatization of most of the system is standard. The interval logic fragment is PO AR
o a first order theory which is formulated using standard first order axiomatization Qo
n extended with axioms describing the properties of a small collection of predicates NN
L and function terms. The inevitability modal operator behaves like a S5 necessity NG
. operator for a fixed time arfument. An axiomatization of these properties is taken N
" from Hughes and Cresswell [Hughes & Cresswell 1968]. The properties that are :'::,/5;._ ;
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
later times. The axioms and rules capturing IFTRIED can be divided into three

"""" ."r‘: ,’.;'.:_-.;.'_.:’.'_',-'.’P., 'f _e S ATEER A o N A TN T AT TR
Pad i) B IR "':/-‘1 . . D A SIS SN f'r‘- ST L
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categories: properties relating to a subjunctive conditional, the relation between E‘::: :‘\
IFTRIED and the inevitability operator, and properties describing the affect of : ﬁ}?‘i‘\-
attempting a plan instance composed out of two simpler ones. ,’t;{*-.. N
y-t.an N 4
Next, we analyzed the components of the planning problems using the logic ot .
that we have developed. These components include the specification of the goal, the o~ A
specification of the planning environment, the conditions under which plan e
instances can be executed both alone in conjunction with other ones, and the effects bt c".'.t‘"."u.,i
produced by both simple and ocmposite plan instances. We pay particular attention v .:",.::,.',
to the interaction between plan instances, both sequential and concurrent, and to the SeAtv e
rsistence problem [McDermott 1982], which is the problem of determining how ot TRy
ong a property remains true in a formalism that allows simultaneous events. By :'.\:Z‘:f.\"\':.
looking at these problems using our framework, we are able to explicate some of the ]
roblems that we mentioned earlier in conjunction with state-based systems. We -:,~}:I§:)‘Z:
illustrate how to represent some types of parallel interactions using our logic and Zﬁu‘u,‘ ’
describe how thsese interactions are used to determine the conditions under which P
two actions can be executed together. ‘.-:;.:;.;:‘.:,i;‘
Tadtateiteite
Next year, we plan to develop a non-linear planning algorithm that exploits ‘!:::“:S:::::r
some of the properties investigated in above and prove that the algorithm is sound ) '::3‘:‘0:;:0:0;
with respect to the semantics. Our algorithm will differ from previous planning K .‘a. Y
systems in the method used to handle action interactions ang the use of plan ® °
instances to maintain properties over temporal intervals. The interaction of two or A
more plan instances, concurrent or sequential, will be computed by only considering alnd :':of
the interaction of two plan instances that overlap in time. %‘he frame problem in our A,
system will concern determining the conditions under which concurrent plan B, ﬂ-f
instances interfere witheach other. We will not need to use the STRIPS assumption ) 'o.. Ny ;::
or the persistence assumption to describe what actions do not affect, and thus this > "‘6 ;
method should allow us to remove the restrictions that must be imposed when using URTR
the STRIPS assumption. e
NG

A.4 Abstraction and Planning
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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 ancther. This work o
was essentially divided into two parts. The first involved formalizing syntactic }; \
restrictions that allow one to construct an abstract theory from a detailed theory. oy
The second involved defining a metric with which one can measure and compare the rN
performance of different control strategies, thus providing a means to demonstrate .
under what conditions good performance will be exhibited by control strategies that :K N
exploit the presence of abstract theories. :‘.:“”

(SN

Given a theory encoded as a first-order rpredicate calculus (FOPC) NI

axiomatization, we can specify a syntactic mapping function that generates a new, s

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 ithe abstract theory shouid capture. This
can be achieved by defining a new predicate to take the place of both the predicate for
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Ky glass and the predicate for bottle, and keeping in the theory those statements that do
Ry not mention glasses or bottles, or are common to both glasses and bottles. The result
4 (as described more fully in [Tenenberg 1987]) is that for every proof of theorem T’ in
the abstract theory, there exists a proot of theorem T in the original theory such that
T is the abstract maprping of T. In this way it can be demonstrated that the abstract
K3 theory is satisfiable if the original theory was.

(T
Sy
5.

o .»:'.{:::‘,-
R In a similar vein, additional work was done on a set of syntactic restrictions for .'_’,-1::-§7'
o defining abstraction in planning s‘ystems. One of the few previous works along this N
v line was the ABSTRIPS system of Sacerdoti at SRI [Sacerdoti 1974]. My research hOSTGLY,
: involved formalizing ABS S, as well as solvin%one its inherent deficits. The ,,
o) basic idea behind STRIPS-type planning systems [Fikes et al. 1972] is to consider R
y world states as represented by sets of FOPC sentences, and actions as represented by NN
j additions and deletions to this set of sentences. In order to a? ly an action from a ::.'_,’f:.;‘,-.
world state W, its preconditions (a set of sentences) must all ho g in W. For instance, o 'S'.m
) the precondition for the action of moving one block upon another is that both blocks CAN

must be free of any blocks on top, and the agent’s hand must be free as well.

o Sacerdoti’s idea with ABSTRIPS was to rank each of the preconditions according to PN
W some metric for the difficulty or imgortance of achieving that precondition, and Lﬁen 0
R consider each action at different levels of abstraction by only looking at those LN
a8 preconditions with a ranking above a certain value. One searched for plans in a top- e
e down fashion, by first searching through operators with the fewest constraints (that Pty
e is, by considering only the preconditions with the highest rankings), and then using o
t the resulting plan as a constraint on search at the next lower level of abstraction y
0 (that is, by considering preconditions with lower rankings). One of the unfortunate
D problems with Sacerdoti’s formulation was that it was somewhat vague (as were
o 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
5% provided by Lifschitz, I was able to demonstrate that an ABSTRIPS system can quite
A easily be brought into an inconsistent state, and that one must enforce syntactic
2 restrictions on the ranking of preconditions if this is to be prevented. In addition, I
provided a set of such restrictions, and demonstrated that they prevented an
"t ABSTRIPS planning system from ever reaching an inconsistent state [Tenenberg
i 1987]). Work is proceeding in combining these two types of abstraction -- allowing for
b the mapping of predicates within a planning system.
Ko,
e Additional research has involved an attempt to define what is meant by the
rformance of a xroblem solving system. In particular, Leo Hartman and Josh
3 enenberg 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
R rformance is meant the amount of resource that an agent expends over its entire
! ifetime of use. In terms of computational complexity measures, the class of
3 groblems that theorem proving is a member of is the class of undecidable problems;
"3 y this is meant that there exists no uniform proof grocedure which given some
v arbitrary FOPC axiomatization S and a sentence T expressable in the FOPC
. J 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
B 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, 0."-\::}\ Ay
in that problems fall within these various classes with certain frequencies. Good ‘;}?f:"}'.":"x
performance, then, will result from exploiting the presence of high frequenc -.-:x'-_';:'.:;-l"- _
roblem classes -- if problems are solved by a particular strategy with a hig C )
requency, then increasing the average amount ofp time that the strategy requires to RSN
solve the problems in its class will result in better overall resource utilization. This PN
work will%e presented at this year’s IJCAI in Milano. RSN
.\:\_’.\:.h" h
R
A.5 RAP: Planning and Classifying Objects . ,
SO ta
It seems that a major way that humans categorize objects is by their function, ‘i}_ﬂﬁ?&:‘_
i.e. a "cup" is something one drinks from. Most work on the representation and :}f_rnjxj'.ﬁ}:,‘
formation of categories, however, has focused on intrinsic physical similarities which NS
may or may not correspond to functional similarities. My work has been to explore :;:;f;g;: 3
the relationship between a model of planning and action and the category S °
distinctions an agent finds useful, since a reasonable definition of functionality 1s an IR
object’s role in the performance of actions. This research program has involved work ._j“". A.‘; A
on automatic planning via the Rochester Abstract Planner (RAP) implementation, A
. . e, . . LS [ 'i
the use of goals in conceptual clustering, and the definition and use of abstraction in %&r v
planning. PN
L - ]
RAP is still under development; currently it is a forward-chaining interactive RRIAINN,
temporal planner, and does not yet employ abstraction as the name would suggest. e, oy
was implemented in Common Lisp on Symbolics and Explorer Lisp machines, i .ﬁsﬁ-:w\
using the (Prolog-like) HORNE Reasoning System for representing and querying .-:,“;};‘;_):‘;
about objects and actions, and the TIMELOGIC temporal interval reasoning system SR
procedurally attached to special HORNE predicates. The basic action of the planner ° ®
1s this: given a goal, find a causation rule that specifies an event that has the goal as NTRE N
an effect. Then, if that event is basic (i.e. the agent can will the event to happen ~‘;~{,\‘\ A
independent of context, as in turning on a motcr) then pursue another goal. '.‘,‘-';_‘ 3':
Otherwise, find a generation rule that specifies world properties and other events N\,\:} N
that when taken together imply the occurrence of the event (e.g. if a arm-raise action {{-:,.,; et
is performed while grasping a block, a lift-block action occurs). Recurse on those [ ]
properties and events until done. &'Z”'f:%. z
AR NN
The definitions of actions in planners like RAP involve type restrictions on the ,:-;:S-fi‘":ﬁ
objects involved, either explicitly in the header or implicitly as preconditions. An NOSAEISAY

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

‘95

£
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terms of physical features. This is a functional type, since its only use is to constrain ARG |
the objects involved in actions like "Pickup", i.e. a block is something that can be RN
picked up, or stacked, etc. When actions are composed, as is done while planning, A
new categories arise because the object constraints are conjoined. Thus object RN
categories are not only implicit in the individual definitions of actions, but also in RRLH N
the ways that they are combined to satisfy context-dependent goals. This is the L)

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
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
X then major questions behind a theory of categories and concepts. We feel that
I invest.igatinf how such knowledge representation structures can be built through
! learning will shed light on these questions.
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Appendix A-1

Plans, Goals, and Natural Language'

James F. Allen
Computer Science Department
University of Rochester
Rochester, NY 14627

Diane J. Litman
AT&T Bell Laboratories
600 Mountain Avenue
Murray Hill, NJ 07974

1. Introduction

One of the more promising computational
approaches to representing context in natural
language systems has been based on work in general
problem solving. In this approach, plans can be used
both to represent the domain of discourse as well as the
communication process itself. Using a uniform
framework for both purposes allows a new set of
techniques that allow natural language systems to
handle sentence fragments, uses of indirect speech,
helpful responses, and the tracking of the topic of
conversstions both with and without interruptions.

Examinstion of even simple dialogues illustrates
the utility of extra-linguistic knowledge such as plans
and goals. For example, imagine the demands that
would be placed on a computer system capable of
taking the role of the clerk in the following dialogue:

1) Passenger: The eight fifty to Milan?
2) Clerk: Eight fifty to Milan. Gate 7.
3) Passenger: Could you tell me where that is?

4) Clerk: Down there to the left. Second one on
the left. No need to hurry though.
The train is running ate.

In order to process fragmental or incomplete utterances
such as utterance (1), the system needs knowledge
regarding some context of the utterance. Although
many types of elliptical utterances can be understood
using only the linguistic context provided by the
previous dialogue, in the above example no dialogue
precedes the problematic utterance. Thus, to find the
missing phrases, the system will need to use extra-
linguistic knowledge about the domain and likely goals
of the speaker. For example, if the train clerk knows
that persons seeking information typically are
boarding s train, meeting a train, or looking for a room

*This work was supported in part by the National
Science Foundation under Grant IST-8504726, and by
the Office of Naval Research under Grant N00014-80-
C-197. An extended version of this paper will appear in
a Special Issue on Natural Language Processing of the
Proceedings of the IEEE.
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in the station, utterance (1) can be understood by
recognizing that the speaker wants to board a train and
that to do this the speaker needs to know what gate to
g0 to. Plan analysis is also useful for understanding
non-elliptical utterances. Since the system not oaly
knows what was said but also why, recognition of how
an utterance connects with a speaker's underlying
goals provides a deeper level of understanding.

Knowledge of & speaker’s domain plans and goals is
also useful for understanding indirect speech and
providing more information than requested. Consider
indirect speech. Although utterance (3) is literally a
yes-no question, the clerk responded as if the passenger
had told the clerk to tell the passenger the location of
gate 7. The clerk inferred that this was the intent
behind the passenger’s utterance, since the literal
interpretation corresponded to achieving what was
likely an already satisfied passenger goal (i.e.,
knowing if the clerk knew the location of gate 7).
Furthermore, note that the clerk's reply included
information irrelevant to the location of the gate.
Given the context of the board plan recognized from the
first utterance, including such information led to a
more helpful response.

Finally, knowledge about communication goals, i.e.,
knowing when and how an utterance relates to
previous utterances, is needed. For example, the
system should be able to recognize that utterance (3)
introduces a goal to clarify the clerk’s previous
response, and that this goal temporarily interrupts the
previous goal of boarding the train to Milan.

In the next section we will present a simplified
representation of actions and plans (e.g., (Fikes and
Nilsson, 1971; Sacerdoti, 1977)) that supports & mode)
of reasoning typical of general-purpose problem
solvers. We will then show how this framework can
provide a mode! of the topic of simple stories and task-
oriented dialogues. Following that, we will show how to
introduce speech acts into the framework and use them
to model the communication process. Finally, we will
outline our most recent version of this framework and
provide an account of interrupting subdialogues during
the conversation process itself.

2. Plans and Goals

In order to be concrete, we will describe & simple
representation for actions, plans, and goals to use
throughout this paper. This representation is clearly
inadequate for any realistic world, but will suffice to
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
addition, we have a set of action-types defined by
conditions that fall into the following three classes:

Preconditions: A set of logical formulas that
must be true before the action can successfully
be executed;
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Effects: A set of formulas that will be true after
the action has been successfully executed; and

Body: A set of actions that describe the
decomposition of the action into subactions.
Each subaction can itself either be executed or
decomposed into subactions.

Intuitively, if the body of (an instantiation of) an
actiop-type is executed in a situation where the
preconditions hold, then the action is said to have been
executed and the effects will hold. A plan will be
represented as a tree of nodes representing action
instances, annotated with the relevant preconditions
and effects. The tree represents both a hierarchy of
actions (i.e., subactions are below their parent action)
as well a3 temporal ordering indicated by reading from
left to right across one level of the tree,

Coasider a set of propositions, functions and actions
that could be used in modeling a train station. We
must have predicates such as

HAS(actor, object) - the actor possesses the
object;

ON-BOARD(actor,train) -- the sctor is on the
train:

AT(actor, object) -- the actor is located next to
the object;

IN(actor, city) -- the actor is located in the
specified city;

BUY(actor, recipient, object)

Preconditions: HAS(actor, Price(object))

Body: GOTO(actor, recipient)
GIVE(actor, recipient, Price(object))
GIVE(recipient, actor, object)

Effect: HAS(actor, object)

TAKE-TRIP(acior, train, destination)
Preconditions: DESTINATION(train, destination)
Body: BUY(actor, CLERK, Ticket-for(train))
actor, train)
GET-ON(actor, train}
Effect: IN(actor, destination)

GOTO(actor, loc)
Preconditions: nil
Effect: AT(actor, loc)

GET-ON(actor, train)
Preconditions: AT(actor, train)

HAS(actor, Ticket-for(train))
Effect: ON-BOARD(actor, train)

GIVE(actor, recipient, object)
Preconditions: HAS(actor, object)
Effect: HAS(recipient, object)

Figure 1: Some Sample Action-Types
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and functions such as:

Price(ticket) - the price of a ticket;
Loc(object) - the location of an object;

Ticket-for(train) ~ the ticket for a train (making
the simplification that there is only one ticket
for each train).

We must also have a set of action-types, some of which
are shown in Figure 1. For example, BUY represents
the action of an actor buying something (such as s
ticket), while TAKE-TRIP represents the action of
taking a train trip, by buying a ticket, going to the
appropriate train, and boarding. GOTO represents the
action of going to the location of an object. Here we
sssume that this can always be done (there are no
preconditions) and that the action is directly
executable (there is no body since the action is not
decomposable into subsctions). Finally, we have the
action of getting on the train and the action of one actor
giving something to another actor.

Given propositions representing an initial state, a
goal state, and a library of possible actions, a planning
algorithm can then be used to construct a plan
(sequence of instantiated actions) that achieves the
goal state, e.g., IN(A, MILAN). Our planning model
needs to utilize two modes of reasoning in order to
construct a fully executable plan. The first method,
action decomposition, decomposes each action into its
subactions until a level of primitive (i.e., non-
decomposable) actions is reached. For example, at the
most abstract level of detail, & plan to be in Milan is to
take a trip by train (call it TR1) to Milan. At the next
level of detail, we can decompose the TAKE.TRIP
action into its subactions, annotating esch subaction
with the appropriate preconditions and effects. Finally,
if we decomnpose the BUY action into its subsctions, we
would have the complete plan decomposition
(annotated with preconditions and effects) shown in
Figure 2.

The other mode of reasoning needed to construct a
fully executable plan, backwards chaining, is used to
ensure that the preconditions of each action in a plan
are satisfied. If a precondition is not initially true, and
is not achieved by an action already in the plan, then
we would need to find an action that has this
precondition as its effect and introduce it into the plan.
For example, if when generating the plan in Figure 2
the sgent did not have enough money to buy a ticket
(the precondition of BUY), an action such as going to
the bank would need to be inserted. This action itselfl
might subsequently be decomposed into subactions,
creating another action tree. In a more general model
of planning we would also need to allow alternate
possible decompositions for sctions, as well a3 a more
general notion of bodies. Specifically, we could silow
subgoals in the body, which would cause the probiem
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 make
the points that follew.
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BUY(A, CLERK, Ticket-for(TR1)))
Preconditions: HAS(A, Price(Ticket-for(TR1)))
Effects: HAS(A, Ticket-for(TR1))

GOTO(A, CLERK)

Effects: AT(A, CLERK)

GIVE(A, CLERK, Price(Ticket-for(TR1)))

TAKE-TRIP(A, TR1, MILAN)
Preconditions: DESTINATION(TR1, MILAN)
Effect: IN(A, MILAN)

A, TR1)

\mm AT(A, TRD)
GIVE(CLERK, A, Ticket-for(TR1))

Preconditions: HAS(A, Price(Ticket-for(TR1))}
Effects: HAS(CLERK, Price(Ticket-for(TR1)))

GET-ON(A, TR1)
Preconditions: AT(A, TR1)
HAS(A, Ticket-for(TR1))
Effects: ON-BOARD(A, TR})

Preconditions: HAS(CLERK, Ticket-for(TR1))
Effects: HAS(A, Ticket-for(TR1))

Figure 2: A Plan to Take A Trip to Milan

3. The Use of Plans to Model Topic Structure

If an agent constructs and executes plans, a crucial
part of understanding another agent's actions should
be to recognize the plans that motivate the actions.
Plan recognition can be viewed as the inverse of the
process of plan generation just described. Rather than
start with a goal and plan a sequence of actions to
achieve the goal, we observe an executed action and use
our knowledge of other actions to construct a
motivating plan and goal. We can then use our
knowledge of that plan to model the topic structure of
simple stories involving activities, as well as the tapic
structure in dislogues discussing activities. (The
former application is similar to the use of scripts and
plans (e.g., [Schank and Abelson, 1977; Wilensky,
1983)) in story understanding.) In parﬁculn. we will
see how such knowledge can capture our intuition of
coberence as well as help analyze such linguistic
surface phenomena as referring expressions.

We can best see how knowledge of plans and actions
is useful during the interpretation process by looking
at some examples. Consider interpreting the sentence
“Jack bought & ticket to MILAN and rushed for the
train.” Dlmgudmg context, the initial semantic
interpretation of this sentence might look something
like the following:

BUY(JACKI, clerkl, Ticket-for(trainl)} &
DESTINATION(trainl, MILAN)

for the first half of the conjunct, and for the second:
RUSH-TO(JACK], train2).

Note that the constants clerk], traini, and train2 have
been introduced as skolem constants, constants that
encode the fact that the object referred to is as yet
unknown (in contrast to the constants JACK1 and
MILAN). Using our knowledge about actions and
plans, however, we can further interpret this sentence.
For example, we can capture our intuition of coherence
by finding the connections between the clauses, and in
addition, use our plan knowledge to determine the
referents of the noun phrases represented by the
skolem constants, We accomplish this by attempting to
construct the plan of the sctor JACKI in this story.
Starting from the fact that the action BUY(JACK]1,
clerkl, Ticket-for(trainl)) was executed, we search for
possibie actions that the BUY action could be a subpart
of. With the simple library of actions given in Figure 1
there is only one possibility to consider, namely that
Jack performed the BUY action as part of the action
TAKE-TRIP(JACK1, trainl, MILAN), where the
derivation of the parameters is as follows: matching
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the semantic analysis of the sentence with the BUY
action that is in the body of TAKE-TRIP, we find

JACK] = actor
clerkl = CLERK
_tninl = train

Now, we consider the precondition for TAKE-TRIP,
i.s., DESTINATION(train, destination), since if
TAKE-TRIP was indeed executed the precondition
would have had to be true. We can verify the truth of
the precondition by rmatching it with the second part of
the semantic analysis of the sentence, making the
additional parameter assignment: destination =
MILAN. Thus we conclude that Jack bought the ticket
as part of taking a trip to Milan.

With this informstion in hand we now consider the
analyuis of the second conjunct, i.e., RUSH-TO(JACK1,
train2). Here, we will try to interpret the conjunct as a
continuation of the plan we believe to be in progress. If
the action type RUSH-TO is defined to be & sub of
the action type GOTO, then we can match the RUSH-
TO action with one of the GOTO acts that are part of
TAKE-TRIP. Now, there is an implicit assumption in
language that there is a temporal ordering imposed
such that the BUY action preceded the RUSH-TO
sction. Thus, we can only match RUSH-TO with a
GOTO act that follows the BUY act. This restricts the
GOTO to be the second act in the decomposition of
TAKE-TRIP. If there had been many such GOTO acts
following the BUY act, the algorithm would initially
assume it was the first. We match RUSH-TO with the
action GOTO(JACK]1, trainl) end hence conclude that
the referent of "the train” (i.e., train2) is the same as
trainl introduced in the first conjunct. Thus we have
identified the referents appropriately and related the
two sentences by virtue of their both being subparts of
& common TAKE-TRIP action. Sentences following in
the story could be interpreted and integrated with the
previous sentences in the same way.

The plan-based mode] becomes even more useful as
we consider natural language dialogue systems.
Assume we want to model conversations between two
actors who want to cooperate with each other. Then a
dialogue such as

A: I want to buy a ticket to Milan. Here's the
money.

B: OK. (Hands A the ticket)
A: WheredoI go?

B: Gate 7. Better hurry though ~ the train is
about o leave.

can be explained in much the same way as the stories
above. For example, A's first utterance both identifies
a goal to do a BUY action and indicates execution of
BUY's second subaction (recall Figure 1). B can then
use knowledge of the decomposition of A's recognized
BUY to perform the next and final subaction.
Furthermore, just as in the previous example, B can
use the library of actions to hypothesize that A is
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performing BUY as part of the action TAKE-TRIPX(A,
trainl, MILAN). Knowledge of the decomposition of
TAKE-TRIP can then be used to capture the coherence
of A's question "Now where do I go?” This is because in
task-oriented dialogues such as the above, the topic
structure naturslly follows the execution of the actions
in the plan [Grosz, 1977]. Thus B assumes that A's
question is related to the next action in TAKE-TRIP,
i.e., GOTO(A, trainl). Finally, B can use knowledge of
TAKE-TRIP to inciude in the reply not only the
information explicitly requested, but also useful
information with respect to A's oversi! goals. That is,
helpful behavior such as telling B that the train is
}elnlvinz can be modeled within s plan framework as
ollows:

1) Bidentifies A's plan (e.g.. TAKE-TRIP(A,
trainl, MILAN));

2) B uses this plan to understand and respond to
A's explicit utterances;

3) B ezamines the plap for any obstacles and
constructs plans to remove them.

In particular, step 3 could involve B determining that
A will not be at the train unless A hurries, and B thus
performing some action such as giving A a schedule or
telling A to hurry, as done above. Again, note thatina
context of recognized plans and actions, potentially
ambiguous noun phrases can be used without problem.
In other words, while there may be many trains about
to leave, TAKE-TRIP constrains the train of B's
utterance to mean the train A wants to take to Milan.

Note that to fully describe the mode] just presented,
we need to introduce an ability to plan about one's own
utterances. This topic will be the subject of the next
section.

4. Plans about Language

We can introduce the need to reason about and
perform linguistic actions by taking the role of agent A
as A tries to buy a ticket to MILAN. Recsll that the
decomposition of the BUY action involved three steps:

1) GOTO(A, CLERK);

2) GIVE(A, CLERK, Price(Ticket-for(TR1)))
where TR1 goes to MILAN;

8) GIVE(CLERK, A, Ticket-for(TR1)).

There are two major problems that arise when A
attempts to execute this plan. The first is that A may
not know what the price of & ticket to Milan is, and so
cannot execute step (2). The second is that since this is
A's plan, there is no reason to sup| that the clerk
knows about the plan; the clerk will thus probably not
know to execute step (3). Both of these problems can
only be solved by using some means of communication.
Intuitively, we may solve the first by asking the clerk
how much the ticket is, and solve the second by asking
the clerk to give A the ticket. In order to formalite this,
we must define some actions that correspond to
linguistic actions such as “inform” and "ssk.” Such
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actions are usually called speech acts, adopting the
terminology used by philosophers (e.g., [Searle, 1969])
who have studied such actions.

Consider defining an act of asking, which we shall
call REQUEST. We need to define the effect of
REQUEST so that REQUEST affects the goals and
plans of another agent. To represent this, we will need
a new predicate WANT(agent, action), which is true
when an agent intends to perform an action. For the
purposes of this paper, we can assume this means that
the agent has a plan that contains the action, To
incorporate this type of knowledge into our plans we
will introduce a precondition on every action, namely
that the actor intends to do the action. This condition
should be trivially true for actions of one’s own in one's
plans, since having the action in the plan is equivalent
to intending to do the action. For other agents,
however, we shall have to explicitly achieve this

recondition. Given these additions, a simple
amuhnon of the act REQUEST is

REQUEST(a, b, action)
Preconditions: none
Effects: WANTY(b, action)

In a richer framework we would not want to assume
that the effect of a REQUEST is that the hearer wants
to do the action. We would instead want the effect to be
that the hearer knows that the speaker wants the
hearer to want to do the act. This second formulation
aliows for the case where a request can be refused, i.e.,
it is up to the hearer to "decide” whether to adopt the
action since the effect only changes the hearer's beliefs
and not the hearer's goals. For a detailed analysis of
these issues see (Cohen and Perrault, 1979). For the
purposes of this paper the simpler analysis is sufficient.

The other speech act that we will need for our
examples is the inform act, which consists of the
speaker telling the hearer the value of one of the
functions (e.g., Price(ticket)). To model the effect of
this act, we need to introduce a predicate (or modal
operator) KNOW-REF(agent, function), which means
that the agent knows the vaiue of the function. Various
semantics have been suggested for such an operator. In
some formulations, KNOW-REF is a modal operator
given a possible worlds semantics {Moore, 1980), where
an agent knows the value of a function if that function
bas the same value in all possible worlds. Other
theories extend the ontology in such a way that
functions and function values can be distinguished and
reasoned about [Haas, 1982; McCarthy, 1979). Since
we do not need to address such complications here, we
will refer to KNOW-REF informally as a predicate. To
integrate this predicate into the representation of
plans, we will again need to add itional implicit
preconditions on every act, namely that in order to
execute any action with functional parameters P1, ...,
Pn, the actor must know the value of each of the
parameters (e.g.. KNOW-REF(A, P1), and 30 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:

WKLY o YR VRO Y DO Y O YO YO "I

INFORM-REF(speaker, hearer, function)
Effects: KNOW-REF(bearer, function)
Preconditions: KNOW-REF(speaker, function)

As with the definition of REQUEST, more complicated
definitions are needed if one needs to reason about
situations where the hearer doesn't sutomatically
believe what was said. To handle these cases, the effect
would have %0 be that the hearer believes the speaker
wants the hearer to know what the value of the
function is.

Consider :gel.n. A aguin trying to buy a ticket to
MILAN. To execute step (2) above, A needs to achieve
the implicit precondition

KNOW-REF(A, Price(Ticket-for(TR1)))

Looking for an action that can achieve this goal, we see
that an INFORM-REF act would do the trick, so A
plans for the action

INFORM-REF(actor, A, Price(Ticket-for(TR1)))

Checking the preconditions of this action, we see that
whoever fills the actor parameter shouid already know
what the price of the ticket is. If we have as part of our
initial knowledge about the train domain that the clerk
knows such prices, i.e.,

KNOW-REF(CLERK, Price(Ticket-for(TR1)))

then by making actor = CLERK we can satisfy the

precondition. Now A only needs to satisfy the implicit

'!'éunt" precondition of the just introduced INFORM-
F,i.e.,

WANT(CLERK,
INFORM-REF(CLERK, A, Price(Ticket-for{TR1))))

Thln can be accomplished by having A request CLERK
perform the act. Thus, A can accomplish step (2) by
execution of the new subplan

2.1 R.EQUEST(A CLERK, INFORM-REF
(CLERK, A, Price(Ticket-for(TR1)))

achieving WANT(CLERK, INFORM-REF
(CLERK, A, Price(Ticket-for(TR1))))

2.2) INFORM-REF(CLERK, A, Price(Ticket-
for(TR1))}

achieving KNOW.REF(A, Price(Ticket-
for(TR1))

2.3) GIVE(A, CLERK, Price(Ticket-for(TR1))

Similarly, we can ensure that step (3) is executed by
planning another request action,

REQUESTI(A, CLERK,
GIVE(CLERK, A, Ticket-for(TR1)))
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An example dialogue reflecting these speech scts is:

A: How much is a ticket to Milan? (request (2.1))
CLERK: Thirteen Fifty (inform (2.2))
A: Could I have a ticket please (request for (3))

Note that the discussion to this point has said
nothing about the mapping of sentences to their speech
act forros. In particular, there are many cases when
the systemm will not be able to compute speech act
descriptions directly from the input. Consider the
widespread use of indirect speech acts {Searle, 1975],
utterances where the speaker, if taken literally, says
one thing yet actuslly means another. For example,
*Do you know the time?” is literally a yes-no question,
but it is usually used as & request for the time (i.e.,
REQUEST to INFORM-REF the time). In some
settings, where the speaker knows the time and the
hearer doesn't, it can even be meant as an offer to tell
the hearer the time! Thus, instead of computing a
speech act from the actual sentence, we will assume
that the system will compute a surface speech act form
encoding the literal meaning of the sentence out of
context. There is not the space to go into this in detail.
The interested reader should see (Allen, 1983].

§. Helpful Responses and Sentence Fragments

Just as recognizing s plan from physical actions was
useful for modeling topic structure, recognizing the
plan underlying an agent's speech acts will be useful
for generating an appropriate response. For instance,
if taking the role of the CLERK we observe the speech
act

REQUEST(A, CLERK,
GIVE(CLERK, A, Ticket-for(TR1)))

(ignoring for the moment the steps from the surface
form to this speech act), with

DESTINATION(TR1, MILAN),

then we could infer from the effect of the REQUEST,
i.le.. that A wants the clerk to give A a ticket, that A's
planis

TAKE-TRIP(A, TR1, MILAN)

This would be inferred in the same way that we
constructed s plan earlier. If we wished to be helpful,
we might inspect the plan to see if we could assist A in
other ways besides what was explicitly asked for, For
instance, since we believe that A will be pext
performing the act GOTO(A, TR1), we believe A will
need to know where TR1 is, since

KNOW-REF(A, Location(TR1))

is an implicit precondition of GOTO(A, TR1). Thus we
might plan to perform the sction

GIVE(CLERK, A, Ticket-for(TR1))

A-14

as requested, but in addition we might perform
INFORM-REF(CLERK, A, Location(TR1))

to satisfy the precondition on the GOTO act. Of course,
if we had believed that A already knew where TR] left
from, the precondition would have already been
satisfied and we would not have generated the
additional action. Such a situation would occur in &
small country rail station where all trains left from the
same single track. Our model thus provides some
account of helpful behavior in dialogues, where the
participants do not simply respond to every request
with the minimum effort required.

Because the response is based on the plan and not
directly on the actual utterance, the model also
suggests & method for comprehending sentence
fragments. For instance, even if A had said "Milan,
please,” we could still recognize A's plan using the
constraints in the domain. Since the clerk sells tickets,
he or she expects most people to be executing some form
of a BUY plan when they speak. Of course, they might
not be executing a BUY action; they might need
directions to somewhere in the station or something
else. But in this domain there are a limited number of
general plans that the clerk encounters, and of these
plans, only a few of them could possibly involve

. For example, while finding the directions to
the bathroom has no relation to MILAN, taking a trip
both involves MILAN divectly and contains buying a
ticket as a subpart. Thus the sentence fragment may
contain enough information to identify A's plan and the
clerk can respond in the same way as before. If no other
actions are observed besides the speech act, the clerk
would base the response on the first part of the plan
that has not been executed. In this case, the act
GOTO(A, CLERK) has presumably been executed since
its effects are true, but the action

GIVE(A, CLERK, Price(Ticket-for(TR1)))

has not been observed. Examining the preconditions of
this action, the clerk finds

HAS(A, Price(Ticket-for(TR1)))
and the implicit precondition
KNOW.-REF(A, Price(Ticket-for(TR1)))

Assuming the domain knowledge encodes that
passengers usuelly have enough money but often don't
know the price, the clerk would pick the latter as the
gosl to achieve and plan an INFORM-REF act as
appropriate. If, on the otber hand, the clerk also
observes the act

GIVE(A, CLERK, Price(Ticket-for(TR1))
together with the sentence fragment, then the next
step in the plan would involve the clerk giving A a

ticket. The clerk would execute this act as the response
to the utterance.
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The above approach shows how both linguistic and
non-linguistic actions can be incorporated into the
same formalism to provide a rich theory of the events
that occur during s dialogue. It also shows that an
appropriate response can be generated from sentence
fragments where the initial speech act is not known. In
the first case above, the clerk responded as though A's
utterance were a2 question about the price of a ticket to
MTILAN (i.e., a REQUEST to INFORM-REF), whereas
in the second case, when A also gave the clerk some
money, the clerk responded as though the utterance
was a request to give A a ticket.

6. Plans about Discourse

Implicit in the above discussion was the fact that
only one plan (or topic) was ever introduced and
referred to by the various speech acts. We can
introduce the need to reason sbout a wide variety of
conversational goals incliding interruption and
resumption of various plans by considering an
exchange in the train station such as the following:

1) A: I'dlike to buy a ticket to Milan please.
How much isit?

2) B: Fivedollars.

3) A: OK. Here's a ten. By the way, I'd like to
find ,l newsstand. Is there one around
here?

4) B: There'sone down the corridor there.

5) A: Thanks. Now, exactly when and where do
Icatch the train?

As in the example above, B can use A's initial
utterances slong with a library of typical actions to
recognize that A is executing the subaction BUY(A, B,
Ticket-for(TR1)), with DESTINATION(TR1, MILAN),
as part of the action TAKE-TRIP(A, TR1, MILAN).
Unlike the previous examples, however, this TAKE-
TRIP plan will not be a useful context for
interpretating all of A's subsequent utterances. To
understand and respond appropriately to A's request to
know if there is a newsstand nearby, B will need to
recognize that the goal of going to MILAN becomes
temporarily irrelevant and that another one of B's
goals, namely going to the newsstand to buy a paper,
models the new topic (assuming, of course, a richer plan
library than previously presented for the examples
sbove). Finally, in order to correctly interpret
utterance (5), B will need to recognize the end of the
interruption as well as resumption of the previous
TAKE-TRIP topic.

The example sbove just illustrated that in order to
manage interruptions such as change of topic, we wiil
need to introduce more sophisticated knowledge about
the ways that actions can be related (ss well as not
related) to a context of previously recognized actions.
In the examples of previous sections, a restricted form
of this knowiedge was implicit in that it was always
assumed that a dialogue consisted of utterances that
introduced a plan, followed by utterances that
continued discussion of the plan previously introduced.
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In order to generalize our model, however, we will find
it necessary to both expand and make explicit this type
of knowledge. To do this, a set of plans about the
planning process itself, or meta-plans, will be
introduced. Meta-plans will be identical to domein
plans except for the fact that every meta-plan will

always refer to another plan. For example, we will
bave meta-plans that introduce plans, execute plans,
specify parts of plans, debug plans, abandon plans, ete.,
independently of any domain, While such knowledge
loosely corresponds to the various linguistic ways in
which utterances can rhetorically be related to one
another, formulating this knowledge within our plan-
based framework will enable us to both provide formal
semantics for such plans as well as use our already
existing framework for plan recognition and
manipulation. Finally, to support the various
relationships of topic suspension and resumption that
we will introduce, we will need to introduce a stack of
active and suspended plan structures that we will
construct and manipulate during the course of a
dialogue.

To illustrate in more detail what is meant by a
meta-plan, consider defining the previously implicit
knowiedge that at the beginning of a dialogue the
underlying plan needs to be recognized. An extremely
;inl:lxpliﬁed meta-plan formulation of this might be as
ollows:

INTRODUCE-PLAN(spesker, hesrer, plan)

Preconditions: nil

Body: INFORM(speaker, hearer, WANT
(speaker, goal))

Effects: BEL(hearer, WANT(speaker, plan))

Constraints: SUB-GOAL(goal, plan)

where the representation is analogous to the planning
representation given earlier, with the following two
exceptions. First, we now need a vocabulary of
predicates such as SUB-GOAL for referring to and
describing plans. SUB-GOAL(a, b) is defined to be true
only if a is below b in a plan tree. Second, we have
added a fourth set of defining conditions for action-
types called constraints. These are similar to
preconditions, except the planner never attempts to
achieve a constraint if it is false. Thus, any action
whose constraints are not satisfied in some context will
not be applicable in that context.

To capture the earlier assumption that during the
remainder of & dialogue the speaker will continue
execution of this plan, we could similarly add & meta-
plan CONTINUE-PLAN(speaker, hearer, plan) with
the precondition that PLAN has already been
introduced. Then, to understand the initial portion of
the dialogue preseated above, we could proceed as
follows. B matches A's initial utterance, INFORM(A,
B, WANT(A, BUY(A, B, Ticket-for(TR1)))) (with
DESTINATION(TR1, MILAN)) to the body of
INTRODUCE-PLAN. To successfully make the match,
however, B has to satisfy INTRODUCE.PLAN's
constraint (find a plan for which wanting to buy a
ticket is a subgoal), and thus recognizes that A is
executing the plan TAKE-TRIP(A, TR1, MILAN).
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Then, B can use CONTINUE-PLAN to understand
"How much is it?" (and in the earlier madel, all
subsequent utterances) in the context of this TAKE-
TRIP. Note, however, that by understanding each
vtterance in this new way, we have explicitly
recognized not only the underlying domain plan
(TAKE-TRIP), but also the relationship of each
utterance to this plan (introduction and continuation,
respectively). Unfortunately, without any other
additions to our theory, these two meta-plans still only
support dialogues without interruptions.

- As we will see, by adding s plan stack to our model
we can also use INTRODUCE-PLAN to model topic
change. Furthermore, we can then expand our library
of meu-pluu and uniformly treat a wiae range of other
interrupting subdisiogues, for example, clarifications
and corrections (Litman snd Allen, 1986). The plan
stack will be used to monitor execution of a topic and
its various interruptions (including interruption of the
interruptions, and s0 on). In other words, a stack of
executing and suspended topics will be built and
maintained during a dialogue. The original topic will
be at the bottom of the stack and the currently
executing topic at the top. When a topic is initiated, it
will be pushed onto the stack and the previous topic
(the previous top of the stack) suspended. When a topic
is completed, it will be popped from the stack and the
topic below it resumed. For example, a clarification
subdialogue would be modeled by & clarification meta-
plan that refers to the plan that is the topic of the
clarification. When the clarification plan is recognized
it is pushed onto the stack, and the previous top, the
plan being clarified, is temporarily suspended. When
the clarification is completed, the stack is popped and
the previous plan resumed.

Obviously a stack metaphor is an idealization for
the interruptions found in many conversations.
Conversations in which interrupted topics are not
always resumed are fairly common. Thus, our plan
recognition algorithm will consider conversations
following the stack discipline to be an ideal case. If a
conversation can be interpreted in a way that follows a
stack discipline, this interpretation will always be
preferred over any other possibilities. However, when
no such choice of conversational interpretation exists,
even if our stack metaphor is violated the non-stack
interpretation will nevertheless be pursued. Finally,
slthough we have no room to discuss it here, a truly
adequate plan recognition system should be able to use
various linguistic clues to recognize marked violations
of the ideal stack bebavior. For example, a phrase such
as "never mind” often signals non-resumption of an
otherwise expected topic. A treatment of this issue iy
found in (Litman, 1985).

Our last elaboration of the basic plan recoguition

recognizer wil! prune its search process by preferring
(in the following order) meta-plans that

1) continue plans already on the stack, followed
by

2) clarifications and corrections of plans already
on the stack, and lastly

3) introductions of totally new plans.

When choosing within preferences, the plan recognizer
will prefer interpretations following the stack
discipline, i.e., relationships with plans on the top of
the stack. Intuitively, this ordering corresponds to the
observation that people typically expect a new
utterance to be related to earlier ones (as captured in
the non-interruption assumption of the earlier
sections). When an interruption does occur, people still
try to relate the mtgrrupuou to the previous context,
for example by viewing it as a clarification or
correction of such. Only as a last resort do people, in
the unmarked case, appear to assume that a topic has
been suddenly and totally changed. As mentioned
above, however, default preferences of the plan
recognizer can slways be overruled by various
linguistic markers. An extremely obvious (yct
familiar) example of this would be that when a speaker
wants to change a topic, he or she often finds it
necessary to preface the new discussion with phrases
such as "Changing the topic a bit.”

In sum, our plan recognition framework has been
extended in several important ways, enabling the
processing of a wider range of topic relati-nships
between utterances. To do this our model now includes
meta-plans encoding discourse relationships and a plan
stack, and our plan recognition algorithm has been
modified to deal with these additions. In particular,
given an utterance to interpret, a library of plausible
domain and meta-plans, and the relevant discourse
context (i.e., the plan stack), the plan recognizer will
now recognize & meta-plan and either relate it to an
existing plan in the relevant context or construct a new
plan for the meta-plan to be about. The plan recognizer
will then output a modified stack reflecting the results
of this recognition.

7. Summary

In this paper we have described the uses of plans
and goals in natural language systems, from the use of
plans as & model of the topic of stories and
conversations to the use of plans as an overall theory
accounting for the interactions that occur in natursl
dialogues. In particular, we presented a plan-based
model for understanding qunuons (including sentence
fragments) and generating helpful responses, and
showed a promising approach for dealing with indirect

) framework will be to note that expectations regarding

’ 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
N context. In other words, all other things being equal,  ister resumed. For more details on these topics, we
: given an utterance to interpret and a ph& stack ﬁ‘ggg};{:f:m;‘gxg:‘ af&;:ﬂ:i::ﬂf“:
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recognition in question answering systems; and
Littnan and Allen {1986] for the extension of these
models to topic interruption and resumption.
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Appendix A-2

The HORNE Reasoning System
in COMMON LISP

James F. Allen and Bradford W. Miller
Computer Science Department
niversity of ester
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 HO 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.
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; 1. Introduction ::.J::f,s "
‘ A
| This is a brief introduction to the major reasoning modes and facilities byl
provided by the HORNE reasoning system. Deiails on the actual system are ENTATAN
contained in the HORNE User's Manual which forms the second half of this phRiutaty
report. In this section, we will first discuss the basic reasoning modes, and then e el
outline the specialized reasoning systems embedded in HORNg. C»{*i‘;;' ;1 u
o204
2. The Basic Reasoning Modes d ;ﬂ;’“‘
O
There are three basic reasoning modes. The first two correspond to the ::::'-'.‘:
antecedent and consequent theorem mechanisms of PLANNER, and are called R
forward chaining and backward chaining, respectively. The third is most closely ,o'::;:c.g';}
related to reasoning with constraints, and is called constraint posting. %
Independent of the mode of reasoning, all facts are in the form of horn o ':t‘:?::?.
%al.uses, which can be viewed as logical implications with a single consequent. i’ S 'n::;
us L&
N
P<Q ) e
C L SIS
read as "if Q then P," is a horn clause, as is 2;'5{;-_.»-; 43 1'
P < :: x'{._\-.‘;-‘
which simply asserts P, and as is Tl
XY .rli.
AU
which should be read as "if Q and R, then P." The following is not a horn clause, R o
because there are two consequences: Ml
P.Q<E bt
Note that, in more general systems of this type, this would be read as "if R, then :;;(,:gﬂ.,
PorQ” R,
EHRRIALY
A horn clause may contain globallhscoped, universally quantified variables ® \”..
which are indicated by a prefix of "?". Thus ; ::'.i:";:‘-'f
AN |’3
P2 <@Q%) i
Sy
is a horn clause that is read as "for any x, if Q of x holds, then P of x holds.” n! ""."'
Finally, whenever the ¥rocess of mat.ching two formulas is discussed, we are » ®
referring to the full unification algorithm found in resolution theorem-proving ; q;:%:
A- Ry
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systems extended to unify lists in LISP format. This extension is explained in
detail in the HORNE User's Manual..

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]. an example, consider the
following axioms:

All fish live in the sea.

(1) (LIVE-IN-SEA 7x) < (FISH ?x)
All Cod are fish.

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

(3) (FISH 7x) < (MACKEREL 7x)
Whales live in the sea.

(4) (LIVE-IN-SEA ?y) < (WHALE ?y)
Homer is a Cod.

(5) (CODHOMER) <
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 1 appears applicable: Unifying (1) with (7) we get
(LIVE-IN-SEA WILLIE) < (FISH WILLIE)

So we have a new subgoal:

(8) (FISH WILLIE)

Rule (2) applies, giving
(FIS QVILLE) < (COD WILLIE),
so we have a new subgoal

(9) (COD WILLIE)

x No rule applies, try (8) again.
Rule (3) applies, giving

(FISH eVIL ) < (MACKEREL WILLIE)

So we have a new subgoal

(10) (MACKEREL )

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
(11) (WHALE WILLIE)
Rule (6) asserts (11) as a fact
Vv Goal (11) 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 agglied whenever a fact is added thet 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
an option, however, to invoke the backwards reasoning if desired.

For example, consider maintaining the simple transitive relation < (less

%ﬁ{l) using forward chaining. The axiom we want to use to ensure the complete
is

v x,y,z LT(x,y) & LT(y,z) > LT(z,2).

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

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

(13) (LT?y?2) (LT?x?z) <(LT?y?z)(LT ?x?%)

Consider the following additions:
(LTBC) triggersrules(12)and (13), butnothingcan be proved

(LTAB) triggers(12)7x « A,:.'; «~B
proves (LT A B)
proves (LT B 7z), 7z «C
adds (LT A C()12) ’% A%y C
triggers 2 =A%~
?roves (LTAC)
ails on (LT C ?2)
triggers (13)?y <« A, 7z« C
roves (LT A C)
ailson (LT ?x A)
triggers(13)?y « A, 7z «B
roves (LT A B)
ailson (LT 7x A)

As one can see, the rules apply recursively on inferred additions, and the search
space generated by the forward chaining rules 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
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
two arguments, ?x and ?y, that is true iff 7x and ?y are bound to different terms.
The most common way to implement this in PROLOG sgstems is to use negation
by failure on the EQ predicate, which is simply defined by

(14) (EQ?x?x)

’ghéu EQ forces two terms to unify, and fails if they cannot. Using this, they
efine

(15) (NOTEQ ?x?y) < (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?%) < (NOTEQ ?x?y) (R ?y)
(17) (RB)

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 &rlt:ofs as the variable could
later be bound violating the distinctness condition. at 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 Fostin% 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 7x ?y) < (POST (NOTEQ ?x ?y)).

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

(19) (P7x?) < (DISTINCT ?x ?y) (R ?y)

and the modified definition of NOTEQ as in axioms (20)-(22), i.e.,(NOTEQ ?x ?y)
is true if either 7x or 7y is not fully grounded (i.e., it is a term containing a
variable), or if the two grounded terms cannot be proven to be equal:

(20) (NOTEQ 7x?y) < (UNLESS (GROUND x))

(21) (NOTEQ ?x?y) < (UNLESS (GROUND ?%y))

(22) (NOTEQ ?x?y) < (UNLESS(EQ 7x?y))

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

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 goal 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

(any 7x(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 post.inﬁ, 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 7x ?y) given axioms (17) - (22) is as follows:

Goal: (P 7x ?y)

Rule (19) applies, givin
P2x gy) < ISTﬁ‘ICT 7x %) (R ?y)
Subgoal
(DISTINCT ?x ?y)
Rule (18) applies, giving
(DISTINCT ?x ?%y) < (POST (NOTEQ ?x 7y))
Subgoal
(POST (NOTEQ ?x ?y))
succeeds binding ?x « (any ?x1 (NOTEQ ?x1 ?y1))
7y «(any ?y1 (NOTEQ ?x1 ?y1))
ls’x-:;«rec};l (DISTINCT (any 7x1 (NOTEQ ?x1 ?y1)) (any ?y1 (NOTEQ ?x1 ?yl)))
ubgo
(R (any ?y1 (NOTEQ ?x1 ?y1))
Rule (17) applies :
(R B) if we can unify (any ?y1 (NOTEQ 7x1 ?y1)) with B
[We try subproof of (NO’%EQ 7x1 B), which succeeds)

Proved: (P (any ?x1 (NOTEQ ?x1 B)) B)
Thus constrained variables may appear in answers. Users may explicitly
g;msc; their own constrained variables in queries and assertions as well, if
ey 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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gne proof of the combined constraints. For example, if we had the following data
ase:

(23) (PAA)
(24) (PBB)
(25) (PBA)

(26) (T (any ?x (PA 7x)))

We could prove the goal (T (an{P?y (PB ?y)) by unification with (26) as
follows: (any ?y (PB ?y)) and (ang ?x (PA ?x)) may unify to (any ?z (PB ?z) (PA ?2))
if there is an object such that (PB ?z) and (PA ?z). A subproof of (PB ?z) (PA 7z) is
found with ?z « A. This binding is not used, however, since the desired answer
could be something else. The resultis

(T (any ?z (PA ?2) (PB ?2))).

Ifin a later part of a proof, 7z 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

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 2x*DOG,
for instance, signifies a variable ranging over all objects of type DOG. Constants
and other ground terms can be asserted to be of a certain type using a built-in
predicate E.Thus

(ITYPE A DOG)
asserts that the constant A is of type DOG.

s 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
a.nimals)'

(DISJOINT DOG CAT)
asserts that no object can be both a cat and a dog,
A-24
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(INTERSECTION FAT-CATS CATS FAT-ANIMALS)

ais%erts that the set of FAT-CATS consists of all cats that are also fat animals,
an

(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 disjoint. This is done by the forward
chaining system. Durin%a roof, the partition information is not used. As a
result, asserting (XSU E (a b) c) has the same effect as asserting
(ISUBTYPE a c), (ISUBTYPE b c), and (DISJOINT a b). During adding
assertions, however, partition information is used. For examg e, given the
relationship between a, b, and ¢ above, if we assert (ISUBTYPE d ¢) and
(DISJOIN'f[ d a), then it will be concluded that ISUBTYPE d b).

The reasoner acts during unification. A constant will match a variable
of type Tv only if the constant is of type Tw (i.e., the constant is asserted to be of
:er Tv, or is of Tvs which is a subtype of Tv). Two variables unify only if

e intersection of their types is non-empty. The result is a variable rangin

over the intersection of the two types. Thus, complex types may be constructe

during a proof. If types T1 and T2 intersect, but no name for the intersection is
asserted, then a complex tzFe I(T1 T2), which is their intersection, is
constructed when unifying ?x*T'1 and ?y*T2.

This type reasoner provides a complete reasoning facility between simple
:ers. For complex types, however, the reasoner may permit some intersections
at 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
aranteed only to be pairwise non-empty. For example, if the complex :zpe
(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(T1 T3), and I(T2
}‘33) are non-empty. However, there might be no object that is of type I(T1 T2
).

The assertions about the s may be incomplete. For example, two types
may be introduced where it 1s 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 nsive, but can be useful in many
applications, although it may provide conclusions 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:
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(1) (ISUBTYPE COD FISH) <
(2) (ISUBTYPE MACKEREL FISH) <
(3) (TYPE HOMER COD) <

(49 (TYPE WILLIE WHALE) <

(5) (LIVE-IN-SEA 7x*FISH) <

(6) (LIVE-IN-SEA 7y*WHALE) <

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

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.

(1) (XSUBTYPE (FISH MAMMAL) ANIMALS)

This asserts that both FISH and MAMMAL are subt pes 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.

(80 (ISUBTYPE WHALE MAMMAL)

This asserts that WHALE is a subtype of MAMMAL, and hence WHALE is
disjoint from FISH.

(9) (SUBTYPE WHALE THINGS-THAT-SWIM)
(10) (ISUBTYPE FISH THINGS-THAT-SWIM)

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

(11) (BEAR-LIVE-YOUNG ?m*MAMMAL)
(12) (SWIMS-WELL 2*THINGS-THAT-SWIM)

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

(BEAR-LIVE-YOUNG ?x) (SWIMS-WELL ?x),
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. we succeed by umfyu;f the first subgoal to (11), causing ?x < ?m*MAMMAL, :.:::::.!: o
- and the second subgoal to (12), causing m*MAMMAL and ?t*THINGS-THAT- DR
SWIM to be unified, resulting in a complex variable ?y*I(MAMMAL THINGS- Sy
THAT-SWIM). Thus the answer is: all things that are both of type MAMMAL LA
and THINGS-THAT-SWIM. If we add o
l':l gl
E (13) (LARGE 'w*WHALE) s
b Gty
and query for something that bears live young, swims well, and is 1 , We will AACKL
end up unifying ?y‘I(MiMM.AL THING TH?AT-SWIM) with ?W‘m& The Ry SV
: result of this is simply 2w*WHALE, since WHALE is a subtype of both Nt 3
; MAMMAL and THINGS-THAT-SWIM.. N
STt
Constrained variables may be typed in the obvious manner. For example i%:i
J (any 2x*MAMMAL (SWIMS-WELL ?x*MAMMAL)) a;v‘,rl::;.:;
SO0
3 is & term that will unify with any term t such that ¢ is of type MAMMAL, and Ahdueh
(SWIMS-WELL t) is provable. It is interesting to note that the constrained tg:‘,a;dtgc. o
variable system couldp be used to implement a typed system directly, where a e
variable 2x*MAMMAL would be replaced by (any ?x (TYPE 7x MAMMAL)). e
The semantics of the two notations are identical. Types are so common, however, R
f that the special notation for variables is maintained and types are optimized in At
: the implementation. ,ﬁ'.:'c:t:::,:‘
gt hanlen
Unification between a typed constrained variable and aMt.Kied variable :.t:'!'!::!:f:‘::T
results in the expected answers. Thus, unifying ?x*MAM with (any T e

7y*ANIMAL (S S-WELL ?y*ANIMAL)) succeeds with the result (an
. 27*MAMMAL (SWIMS-WELL 7x*MAMMAL)). Unifying ?x*ANIMAL wi

(any ?y*MAMMAL (SWIMS-WELL ?y*MAMMAL) succeeds simply and
"x‘KNﬁIIAL is bound to the constrained variable.
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Unifying a constrained variable with a term that itself contains variables

may introduce new constrained variables. For examrle, if we are given the fact A
(P(fA)), then unifying (any ?x (P ?x)) with (f ?w) will produce the term (f (any %2 R

e

S

1 (P (f ?2))). This is the correct result since the constrained variable ?x will unify
l 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 7z)) holds as well. Thus (P (f A))
might not be the most general unifier.

These examples are summarized in Figure 1.
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Term 1 Term 2 Most General Unifier
(any 7x*MAMMAL WILLIE WILLIE
(SWIMS-WELL 7x))
(any 7x*MAMMAL 7a*ANIMAL (any 7x*MAMMAL
(SWIMS-WELL ?x)) (SWIMS-WELL 7x))
(any 2x*MAMMAL 7w*WHALE (any 72*WHALE
(SWIMS-WELL ?x)) (SWIMS-WELL 72))
(any 2x (SPOUSE ?a) (SPOUSE
(SWIMS-WELL 7x)) (any 7z (SWIMS-WELL
(SPOUSE 72))))
assuming that the query
(SWIMS-WELL (SPOUSE 7a)) succeeds
(any 7x (any 7y (any 7z (SWIMS-WELL ?2)
(SWIMS-WELL 7x)) (BEAR-LIVE- (BEAR-LIVE-YOUNG 72))
YOUNG ?y)) assuming that the query
(SWIMS-WELL ?72)

(BEAR-LIVE-YOUNG 7z) succeeds

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 ﬂagfed 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) 'PERSON),

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

is MALE. Such definitions can be done in HORNE given the following
conditions:

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

3) further declarations are consistent with the other
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) itis 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 approgriatg results during unification. Thus if we unify
(SPOd USchl ?m*PERSON) with ?x*MALE, the result is (SPOUSE ‘m*FEMALE),
as desired.

One cannot define a further specification that produces instances of a
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 YMALE) ‘'MALE)
(declare-fn-type ‘fn (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 ‘G (T-U) 'ANIMAL)
the query

(EQ (G 7x) 'w*WHALE)
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%NH.ALE, 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 wcoulti> be possible but would
probably be expensive.

3.3 Equality

ddThe system offers full reasoning about equality for ground terms. Thus if you
a

(1) (EQAB)<
(2) (EQBOC)<
S @PA<

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

4) (P(fA)
you will be able to successfully prove the goals (P (fB)) and (P (fC)). Adding

(5) (EQ(gA)B)

allows you to prove a potentially infinite class of goals, including (P (g A)), (P (g
gx)x)f c(tl: g0, (P (g(gA))), (P (g(gB)),etc., to arbitrary depths of nesting of the g
on.

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

EQEBG)

(EQ(fA)G)
and we try to prove

EQ(?x)G)

7x will be bound to (any ?x1 (MEMBER ?x1 (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 7x))
(EQ (f?x) (h 7x)) .
P
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EQ((fA) (g A)), .,&.(- Rl
(EQ(fA) (h A)), and :;.':;::.;@;
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butnot B
u no . P N N X
(EQ(gA) (h A)). s
: ':"‘-"-r-'\'.i‘{vv"“ \
3.4 Structured Types wa
: Jilatasatty
The REP extension to HORNE supports a hierarchy of structured types akin :':“"‘{‘?‘V :"
to frame-based knowledge representations. This facility allows one to associate ST
roles with a type, and it allows subtypes to inherit roles from their supertypes. ::‘,:{’::;::::f::::;‘.
et
drthndenay

Formally, a role is a distinguished function associated with a type. In
articular, the function is defined on all objects in the class named by the type.
ere are two ways to access the values of roles of a given object. The first is by
usi%the 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)
isthe actor of A, as is the value of 7x in
(ROLE A R-ACTOR 7x).

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

uery 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 identiaff'
each object in that type. In other words, if two objects of that 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 type T-MELT is
completely defined by the object melting (R-OBJECT), the time (R-TIME), and
the location of melting (R-LOC), then we can define a function

(c-melt 20*T-PHYS-OBJ 2t*T-TIME 21*T-LOCATION)
that generates the class of melting events.
Given this informal semantics, we can see that certain relations hold
between consiructor 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-loc M))
even if we do not know the actual values of the three roles of M.

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 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 T-ACTION T-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

will inherit any roles defined with the type T-EVENT. In P}uarticular, 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 O which is asserted
to be the R-AC@OR of some action A will be equal to (f-actor A). Thus if we add
(ROLE A R-ACTOR O)
then
(EQ (f-actor A) O)
will automatically be asserted as well.
On the other hand, the command
(define-functional-subtype T-ACTION T-EVENT (R-ACTOR T-ANIM))

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

(ITYPE A T-ACTION)
the assertion
(EQ A (c-action (f-actor A)))
would be asserted as well.
With the equality reasoning abilities of HORNE, the system can now

intefrate all role values as they are asserted later and the appropriate
conclusions regarding the equality of objects can be derived. Thus, if we add
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(EQ(f-actor A)O) and Eg;:{' ;
(ROLE A R-ACTOR O) N
then (EQ O O') will be concluded. Furthermore, the equalities
(EQ A (c-action O))
(EQ (c-action O) (c-action 0"))

can be derived as needed during any proof.

Roles are automatically inherited from supertypes at the time the structured
tyﬁe is defined. These inherited roles will appear in constructor functions
fo owins the role values that were explicitly defined with the type. An
inherited role may be redefined lower in the hierarchy only if the 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 T-OBJ-ACTION T-ACTION
{R-OBJ T-PHYS-OBJ))

a constructor function of the form
(c-obj-action ?0bj*T-PHYS-OBJ ?a*T-ANIM)
would be defined. On the other hand, the definition
(define-functional-subtype T-SING T-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 ?2a*T-PERSON)
would be defined.
::: l‘ a e ':.?
ROttt
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1. INTRODUCTION

HORNE is a Horn-clause-based reasoning system embedded in a LISP
environment. Its facilities are called as LISP functions and HORNE programs
can themselves call LISP functions. Thus, effective programming in HORNE
involves a careful mixture of logic programming and LISP programming. This
manual assumes that the user is familiar with the fundamentals 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 (1979) for A
PROLOG. The system is fully implemented, and runs in COMMON LISP. ST

N
“
1.1 Using This Manual N
RN
Several notational conventions are followed throughout this manual. Function DAY
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 Rl
that the reader pay close attention to the case. The usual LISP documentation RNy
convention of quoting parameters that are evaluated during function calls is e %
used. For example, in the call e,
9
(function-name <arg; > '<argz>) '___'f:':-_'
y " ~
- I,*

<argz>,but not <arg; >, is evaluated. Throughout, all functions ending in the
letter "q" do not evaluate their arguments, while most other functions do.

by )

B W
; ‘:--E"-E*r:h o~
b1

Ny
L 2

e
®
1.2 Syntax "R
ALY
The three major classes of expressions in this language are terms, atomic 2'.:?.“’." '
formulas, and axioms. The syntax for these classes are given by the following ,‘;«:%'
BNF rules: ;:-:.c‘:
<axiom> 1= ( <conclusion>) | -Z::-‘.,
( <conclusion> <index>) | NN
( <conclusion> <index> <list of premises> ) TR
<conclusion > := <atomic formula> sgdaY
<list of premises> := <premiss> | <premiss> <list of premises> e
< premiss > := <variable> | <atomic formula> |/ .
<index> = <literal atom> | <list of indexes> AR
<atomic formula> := ( <predicate name> <list of terms> ) e
<predicate name> := <constant> AN
<term> := <constant> | <variable > |( <list of terms> ) A
<constant> := <literal atom> L
<variable> := ? <literal atom> --.;:::\
<list of terms > v= <g> | <term> | <term> <listof terms> | PR
i <term> . <term> aind
% <e> = R
A e
0 An example of an axiom is: (P ?x) <1 (Q ?x)) where "(P ?x)" is the e
e <conclusion>, "<1" is the index, and "(Q ?x)" is a simple <list of premises>. o :'-;';::
. s ()
:‘E: A-36 M
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This statement is interpreted as follows: the assertion named "<1" signifies e

that for any x, (Q x) implies (P x). Or, alternately, to prove (P x) for any x, try to P :ﬁ‘\- :

prove (Q x). 2R -_..
) L]

1.3 Special Symbols :;; .rw"'

- !

The HORNE system uses two special symbols which should not be used for other :ﬁ% .

purposes: AL

et

"?" indicates a variable will cause the atom following it to be expanded _— R

into the internal variable format. This is true only in axioms. The symbol ';-.j.'}:ju'

can be used freely in LISP code. AR

RN

1.4 Running HORNE 315-::\;::;

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.
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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

"‘.' »

ﬁ " S

- s AP S s tin &

e

Several simple functions are available for asserting and retracting axioms.

u (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 '<axiom; > ... '<axiomn>) and (addaq <axiom;> ... <axiomp>)

Ky Adds all the axioms to the beginning of the database. <axiom;> will
precede <axiom2> in the database, etc. Warning: This operation is

- much more expensive than addz or axioms.
o
" (addz '<axiom; > ... '<axiomn>) and (addzq <axiom;> ... <axiom,>)
- Adds all the axioms to the end of the database. <axiom;> will precede
v <axiomg > in the database.
o (retracta ‘<predicate name >) and (retractaq <predicate name >)
i Retracts the first axiom in the database that concerns <predicate
w name>.
)
(retractz '<predicate name >) and (retractzq <predicate name>)
ﬁ Retracts the last axiom in the database that concerns <predicate name >.

(retractall ‘'<pattern >) and (retractallq <pattern>)

3 Retracts all the axioms in the database whose conclusions unify with the
specified pattern. The predicate name must be specified in the pattern. If

n 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,

k. (retractall '(P A ?7x)) retracts all axioms whose head unifies with (P A 7x)

B . (e.g., (P 7x 72), (P 72x B), (P A B)), and (retractall 'P) retracts all axioms for
predicate P.

i E (clear ‘<index>) and (clearq <index>)

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

s (clearall)
) Deletes all axioms defined by the user.
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(reset)

Deletes all axioms, equalii;y information, hashing information, and
function type definitions. Essentially restores system to its initial state.

hal ~ ol 'Y

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

(declare-varyingq or* and*) A
il

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 MO

arguments. Thus, for or*, we can use a term of form (or* first . 7rest) 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.

(indices)
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>)
g 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 7x)). If the data
5 base contained the facts

PRI A )
-

((PA))
((PB) <3)
5 (PD) <4(QR))
W 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

N three axioms for P, the query (find-facts-with-bindings '(P ?x)) would

N return

x ((((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
3\ specified formula ignoring variable naming, e.g., (get-facts '(P ?x)) with
W the above three axioms would return NIL.

(get-clauses ‘<atomic formula >)

o 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
formulas that represent the goal clause.

(prove '<atomic formula; > ... '<atomic formula,>)
(proveq <atomic formulaj> ... <atomic formula, >)

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 formula; > ... '<atomic formula, >)
(proveq :query <atomic formula;> ... <atomic formulan>)

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

(prove :all ‘<atomic formula; > ... ‘<atomic formula, >)
(proveq :all <atomic formula;> ... <atomic formula,>)

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 ((happy joe)<)

((happy mary)<)
((sad frank) <))
(proveq :all (happy ?x) (sad ?y))

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

(prove <number > '<atomic formula; > ... ‘<atomic formula, >)
(proveq <number> <atomic formula;> ... <atomic formula,>)

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
number of steps before a prompt.
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2.4 Comments O .;:,.::
(]
Comments can be added for each predicate name. These are then printed by the ; x “*"
various print functions. A

Rt

(add-comment '<predname> '<comment>) .".'.:.'::l‘::::::.'

Adds a comment to the predicate specified (and deletes any existing .:c:"' "}::!
comment). The comment can be any LISP expression, but it is most D
convenient to use strings, e.g., AN

(add-comment Toves fThis is a comment)) ;";:-?54-;;‘.

Strings can include carriage returns, so longer comments can be used. _f%” :

“ (add-to-comment ‘<predname> ‘<comment>) ?{' - ""
Extends an existing set of comments with the new comment. 3 :'"i:‘.o.;:‘.o'.:;o

R

(print-comment '<predname >) :}::: :‘:;;.:.u

U
Prints the comments for a predicate. “'é‘.:.'ﬂ‘:‘:::.
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3. THE PREDICATE EDITOR R

O >

X A
The axioms of a single predicate can be defined and modified using the HORIVE B g
predicate editor, which is entered with the function (edita <predicate name>). ,\;:}‘im', gl
An online help facility is provided with the editor using (CNTRL)-HELP. Once e .u::"
the editor has been entered, the following commands are available: porSute ;:““,"x
<number; > ... <number,> ‘ ""'
p  Print the axioms with numbers. { w;ﬁ?}iﬁf
et il et

q (Quit) Complete the edit. : 5“.253‘33:‘3{%5?
(AW R 0

u  Undoall changes made to the axioms (i.e., complete restart). s
.

a <number> ':.:::':’:2:::'&225?
Add an axiom at indicated position. You will be prompted for the axiom. If :::',uet“::a:::a:;‘:

index is "z" then axiom is added at the end. :ﬁg}:@:‘ ¥

r <number;> ... <numberp, > - .,“i »
Delete the indicated axioms. The remainder axioms are renumbered. h! ::"d:g::t‘ %
whintagded

e <axiom #> :ES::::E?:: 'u:
Enter intra-axiom editor mode. Single axioms may be edited using the "' R
input editor in this mode. On entering this mode you will be prompted for ?,?. ol

the number of the axiom to be edited. n h .":

m <number; > ... <numbergs > E:;:’Q‘%
Move axiom number <number; > to position <numbera>. it

c R
(for "cancel”) Undoes the last change. 2 :ﬁ:gﬂ::ii:

) et

h <command> | '::.;:.\:':,‘:::i'
Online help facility. > @

Sl

<control> <HELP > v '::::.;:;.:
Help for Symbolics input editor. : ® '!.ql{:::::'
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4. TRACING AND DEBUGGING IN HORNE -’{}X&f@ *
\_}\: «- ‘
_ The HORNE system provides extensive tracing facilities that operate on the | .
: entire proof, or on selected predicates. There are four places where tracing may SR
§ occur during the processing of a single goal. These are called the :g, :a, :b, and :r :-,-:)&\'“‘ ‘,
: tracepoints throughout, and are defined as follows: -5.‘:::;_ :'.:5'
n '. ;
” ["
- The :q tracepoint is the point where the goal is first selected A-‘.‘\-“ MV
) by the prover; UL
: - the :a tracepoint is the point where a clause is selected in an R
‘ attempt to prove the goal; BN
- the :b tracepoint is the point where the prover resumes after ‘-);"q
backtracking (note that the b points are a proper subset of the T e
2 a points); :”qsqsi
[ - the :r tracepoint is the point where the goal has been proven l@'::g‘(’:
! and the prover is "returning” to consider a new goal. % “
) In every trace function you can explicitly specify which tracepoints you want. If e
. they are not specified, the default is the :q and .r tracepoints. t T Y
sy
f 4.1 Global Tracing Controls EI* e
R **}f"
(htraceall) R :
\ When called it turns on a trace of HORNE showinf every formula that is —
¢ about to be proved (i.e., at the g tracepoint), as well as indicating when a st
o formula has been proved (i.e., at the r tracepoint). It can take the f\. &
;" following optional specifications: o ":::':'.
(:at <tracepoint>) ‘ ok
" Indicates tracing at the specified tracepoints only, e.g., (htraceall e
' (at :q :b)) traces all predicates at the query and backtracking '..:. .:nf
‘ , pOlntS. .. .|:I"
I :break . : E,‘&Q.:E'ﬁ.:::
- Indicates a break is desired in addition to a trace message. See 4.3 o “.“
N for a description of the break package. TS
0 (:using <LISP function >) ' $ o0
| Indicates that a user-supplied function should be called at the Q‘, '.E"",’
' gacef:int rather than printing a message. See Section 4.4 for R
. etails. S
! These can be combined as you wish. For instance, if you want a break at rohd ':
p backtracking points, and a trace of query points, use (htraceall break (at t&-* '
. :b)), (htraceall (at :q)). :-r::'%:\ !
R e A
(unhtraceall) blv’“.
i Turns off all tracing. e
W ~ Mot
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4.2 Selective Tracing

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

(htrace ‘<predspec; > ... ‘<predspecn,>) or
(htraceq <predspec;> ... <predspecn>)

When <predspec> is a simple predicate name (e.g., (htraceq P)), this causes
tracing at the g 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.

(unhtrace ‘<predicate name; > ... ‘<predicate namen >)or
(unhtraceq <predicate name; > ... <predicate namez >)

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.

(htraceiq <index-spec;> ... <index-spec,>)
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 ?x)) ((F ?x) -break)) would cause
tracing at all a tracepoints using a clause with an index unifying with (<G ?x),
and cause a break at all a tracepoints using a clause with an index unifying with
(F 7x). '

(unhtraceiq <index;> ... <index,>)

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

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:

HSSLENGTH - 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
coatinue the proof, enter go. Some useful functions for debugging are:

(goal) - prints the current formula to be proved.

(top) - prints the current top of the goal stack.

(stack) - prints the current goal stack (sec 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.

<( shoatlv-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

((A) < (B)(C) (D))
((B) <)
((C) < (E) (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:

((E) (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
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.

Y4

R

1AL
o e |

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

Thus, given the axioms

(A<1BOQO)
(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 g, a, b,
or r) and the second is the instantiated clause that caused the trace. The default
tracer simply prints this information at the 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:
(P7x) <(Q7?x?%)(R?)

(QA?2)
(RB)

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

we get the following output during the proof of (P ?d):

(q(P2d))
(q(Q?d ?y1))
(r(QA?1l))
(Q(R ?y1))
(r(RB))
(r(PA))
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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
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>)

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
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

L name "NOTEQ," for example, tests its two arguments for inequality by means cf
3 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.

l;: To declare such a LISP function to HORNE use

)

:E, (declare-lispfnq <name;> ... <namep>)

it 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

::: false respectively. For example, assume we ente: .he following:
K (defmacro check (&rest x) ;
(terpri) :-';\:C: o
(princ "in check, args are:") S
X (princ x) — r.
" t) R
Y (declare-lispfnq check) o e
e (addzq ((P ?x ?y) < (check ?x ?y))) : :::",al '1:‘,
R
2 Then if we call pl
) e
o (proveq (P A B)) NS
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the LISP function check is called resulting in the output:

in check, args are: (A B).
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:

(isvariable '<term >)

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

(vartype '<variable>)
Returns the type of the HORNE variable, or nil otherwise.

(bind '<variabl¢> '<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:

(defmacro SetTo4 (&rest x)
(cond ((isvariable (car x))
(bind (carx) (+ 1 3)))))

§.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:

(abe) (a?7x?%) withm.g.u. {?x/b, ?y/c}
(abc) (a.?x) with m.g.u. {?x/(b c{}

(abe) (?x.%y) withm.g.u. {?x/a, ?y/(b¢)}

(abc) (a?x.%) withm.g.u.{?xb, ?y/(c)i

(ab) (a?x.?7y) withm.g.u. {?x/b?y/nil

(a) (a?x.?y) doesnot unify.

(ab) (?x) does not unig'. (?x) only matches lists of length 1.

List unification is also allowed with varying mg 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* ?2x .?y) < x) or* is true if the first argument is true
((or* ?x . %y) <(or*.?y)) or*istrueifor® of all but the first
argument is true
A-49
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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.

e

Fu ENX)

(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 xxx) reads in the predicates in file
xxx, and sets the variable xxxfns to the names of the predicates that were
restored from xxx.

(save-predicates ‘<filename > ‘<list of prednames>)

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
is saved.

i \,.-1,
e T e ]

(l{'-)‘-}‘-} }'
r |.

(dump-predicates '<filename > '<list of prednames>)

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.
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- (dump-horne '<filename>)
Dumps entire database of axioms into the specified file.




7. TYYPED THEOREM PROVING

The type of a variable is indicated by appending a suffix to the variable
indicating its type. Thus ?x*CAT 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 digjoint, mutually ex_ lusive, 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> ... <typen>)
Asserts that all the types mentioned are pairwise disjoint.

(INTERSECTION <newtype> <typel > <type2>)
Asserts that the intersection of typel 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 typel ... type n are pairwise disjoint, and that
the union of typel ... 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 ITYPE 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
function term itself, are declared using the form:

(declare-fn-type ‘<fn-name > ! <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>,...,< tylpen > and describes objects of tgge
<typename>. For example, (declare-fn-type ADD (NUMBER NUMBER)
NUMBER) declares a two-place function ADD, with both ar ents 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-fn-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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3 7.2 Deleting TYPE Axioms "::;'::";:2,:
' { X)) _n'l‘-':"
In order to delete an axiom about types, one can use one of the HORNE deletion .
: functions (retracta, retractz, edita, retractall, etc.). However, at this point, the ! :..:::
by prover is disabled. This is because the axiom lists are correct but the matrix has "v'.:::..z
b not been changed. In order to restore the matrix and enable the prover to run, it ‘:}:a:‘,"
R use the function: h';:‘. s
: (recompile-matrix) ¥ “ ;,..‘
i Recompiles all the type axioms in the system. A %
DN o
' This is an expensive process and should be avoided if possible. ‘ \'.i.i'é::
' W]
, 7.3 LISP Interface to Type System R
\ . : U A 0.. t."
‘ There is a set of LISP functions to access and use the type system independently ::}-::2'::3:.‘.
A of HORNE. The most important function returns the type of an arbitrary g
' HORNE term: oo
(get-type-object '<term >) ; '.
: Given any HORNE term, this function returns the most specific type of 4 5 v
that term. If the term contains one or more variables, it returns the most o g::‘.:'.::v
. specific type that includes every instantiation of the term. ; .".:::?,::f
! (issub '<typel > '<type2 >) t:?:,?_‘
: Takes any two types and returns t if the types are identical, or if :I:_‘;?_f- ¥
i <typel > is a proper subtype of <type2>. _::ﬂ__ﬁ 3
R There are functions for inspecting the definitions of function terms (in addition :‘3:“; N X0
. to get-type-object above). - =
‘: e
; (see-function-definition '<function name >) :%2:": ::':.3
3 Returns the complete type table for the specified function. For single raay
y argument function, this may be a tree of the form ﬂ::i.-'y )
i (<function type> (<arg type list>) <subtree>*). <o w,'
: For example, the function SPOUSE might have the definition ;’b ‘ "Ni
: (PERSON (PERSON) (FEMALE (MALE)) MALE (FEMALE))) i&‘f; *_
% i.e., SPOUSE of a PERSON is of type PERSON, and SPOUSE of MALE is TG
of type FEMALE, and SPOUSE of FEMALE is of type MALE. e
) N -,\ >‘.‘: v"
2 (defined-functions) ::‘;:‘::;:_4‘ b
, Returns a list of all function names that have been declared. -::::3-;-_2,; A
‘ :.";u." . ', t
One can examine the TYPE axioms added to the system by using the HORNE . “)"g'
. functions printp, printi, etc., but these functions will only show you the base TR
! oS
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Ty
facts and not all the inferences the system has made. The following functions ;ﬁﬁ;‘f.»:&;
allow examination of whatis in the matrix. }.’.;-}:';;:3.

. ]
(matrix-relation '<typel > '<type2 >) ] "%t
» Returns the information that is stored in the matrix for the relationship ’)h\f—'.; E‘
between the two types. .;ﬂ'. b -'421
o)
(type-info '<type>) R, b
Returns a list giving the relationship between the given type and every Ty
other type in the system, of the form: ((type rel typel)(type2 rel type) ...) ol ;Z:-_r:;jf h
The type you are querying can be in either the first or second slot. " ‘*-%” i
The following are the possible relationships between types: :.g-’ if""ﬂ
1) "sb" -- a subset relation holds between the two types. .;i:.;,:.;“;
2) "ss" -- a superset relation holds. ;;2:‘,2{::‘:3&:@::
8) "o"-- the types intersect but the overlap is not named. e ‘-:E}’.‘;
4) "(ip (list))" or "(p (list))" -- a superset partition relationship !!«'3‘!:0‘}:?
holds; the list contains all the partitioning sets of the L‘I o
superset. SR
5) a list of length 1 -- the item on the list is the name of the ;: by
intersection of the given types. Rt
TSN
(types) s
Returns a list of all types known in the system. :','J SR 0
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7.4 Type 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 unnamed 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)
(ISUBTYPE student person)
(ISUBTYPE worker person)
(ITYPE john 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 ?f*smallcars) <)
((wealthy ?d*worker) <)

We could then query (want ?f*student ?d*ford) and we would get (want ?r*(int
student worker) 2u*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).
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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))) ((int 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 tif 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.
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8. EXTENSIONS TO THE UNIFICATION ALGORITHM
The unifier in HORNE has been augmented to allow two types of special

i unification dealing with equality and restricted variables. ::3_-};: R
e *:. L%t Rt
‘ 8.1 Equality }:j\ o .‘
PR

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 S

A variables in the terms matched will be bound as needed to establish the f-:;‘_ '.~
; eﬁuality. Equality statements are added to the system by using the axiom EQ. LA :::
(Note that EQ is of arity 2.) For example: oY ..c
N .\‘{ ‘]
‘ ((EQ (president USA) Ronald-Reagan) <) DAY !:
E expresses a fact that is well known to most Americans. The axiom ':f:: .Eigiﬁti
. OO
: (EQ (add-zero 1) 1) <) R
= |:.3:I::::=':‘
expresses an infinite class of equalities. For example, (add-zero (add-zero 1)) i
i equals 1, as does (add-zero (add-zero (add-zero 1)), and so on. By ;‘
‘O ;_:;‘u" ]
2 The system provides, in an efficient manner, complete reasoning about fully '&2 \ iﬁ
o grounded terms (i.e., terms that contain no variables), and supports partial _ &-1
K reasoning about equality assertions containing variables. The current system MY
will allow variables in queries (which may be bound to establish equalities), but 8
! variables in equality assertions are restricted in their use. In particular, there is ":i"'i;;:i;‘,
K. no transitivity reasoning for terms containing variables; e.g., given u:::g:,.,_
! e
? (EQ (£7x) 7x) Ptk
‘ (EQ (G ?y) (£?y)) PR
o we can prove (EQ (fA) A), (EQ (f?z) 72), and (EQ (G (f ?¢)) (f ?t)), but cannot prove irf « “ '
; (EQ (G A) A), even though it is a logical consequence of the two axioms above. PRGN N
W C‘:': ‘: .
" The information derived from the EQ axioms that are asserted is stored on a pre- f:‘;&:':{;:;}a:'-
‘ computed table which is updated as EQ axioms are added and deleted. e
s . TN TR
[ There are two LISP functions for examining the equality assertions: &ﬁt?
RSN
: (equivclass ‘<ground term >) E::*::,_.»
Returns a list of all ground terms equal to the <ground term>. bl e?':'* '

(equivclass-v '<term >)

e Returns a list of all terms that could be equal to the term followed by
s variable binding information.
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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, asin the axiom:

((F 7x) < (POST (MEMBER ?x (a very very long list))) (G ?x)).

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.

tl‘i.e."trictions on variables are implemented by binding the variable to a special
orm

(any 7newvar (constraint 27newvar)).

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

(any ?s0001 (MEMBER ?s0001 (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 7x)) 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 ?s0001 (MEMBER ?50001 (a very ....].

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

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

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

(F (any 750001 (MEMBER 750001 (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 7z (MEMBER (fn ?2) (a very very long list)))).
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During normal tracing, any subproofs due to the post constraint mechanism are ST
! not traced. If tracing is desired for these proofs, call (htrace-post-proof). To set it PR INGy
back to the default of no tracing, call (unhtrace-post-proof). y '

8.3 Interaction Between Systems

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

: (EQ (child-of Adam) Abel) R
: (EQ (child-of Eve) Abel) .:-:'_'-;'- g

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

(any ?x0001 (MEMBER ?x0001 (Adam, Eve))). s
Thus we have restricted the values that ?x can take on to Adam or Eve. It should P!
be noted that MEMBER must take equality into account; that is, in the example, S &

‘thde any term should unify with the term (First-man) given (EQ (First-man AR
Adam)).
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8. 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
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 > { <atomic formula> ...) ‘<index >
! <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 2d) "((w ?2d)) 'r '((r 7d))))
(addaq ((rd) s))
(addagq ((e 70) )))

will result in the axiom ((w d) r) being added to the database.
9.1.1 Options to addf and addfq
(addf :all ! <atomic formula> ...) '<index> { <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 ?2)) '<1 '((eq ?y ?x) (eq ?x ?2)))
adds the following forward chaining axioms to the system:

1. (eq 7y 7x) ((eq ?y 72)) <1 ((eq?y ’x) (eq 7x ?z))
2. (eq 7x 72) ((eq 7y 72)) <1 ((eq ?y 7x) (eq 7x ?2))
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by
§ e
; Given these, the following addition: -:"’%#:f\ :
‘ (addaq ((eqwe)l) ' NN
(addaq((eqrw)l) .m . |
causes the axiom ((eq r e) <1) to be added to the system. :j'-:{ .,:
LY
(addf ‘<atomic formula > ! <atomic formula > ...) '<index> 1)) ';::2* T
(addfq <atomic formula > ( <atomic formula> ...) <index>()) % ::s::.,:::
Using "()" for the conditions list makes it such that whenever the axiom is ¥ 2
triggered it will assert its conclusions. AP
ot o,
A
(addf ‘<atomic formula > [ <atomic formula > ...) '<index > r,‘,’ff.‘;* <
{ <atomic formula>)...) e
(addfq <atomic formula > ( <atomic formula > ...) <index> sl
( <atomic formula>)...) o
This option allows a lispfn to occupy the position of the predicate name in A A
any of the conditions. The lispfn succeedsifit returns a non nil value. E‘?‘w. .
! l ',
(addf '<atomic formula > ! <atomic formula> ...) '<index> 'ﬂ-"“‘ \
((:prove <atomic formula>) ...)) R 4
(addfq <atomic formula > ( <atomic formula > ...) <index> gty
((:prove <atomic formula>)...)) N
The prove option allows any of the conditions to call the theorem prover to %ﬁ:}.f.
prove the condition. (Note that normally conditions are not proved but LAl
just shown to be in the data base). The condition is true if the atomic Latanghe
formula can proved by the theorem prover. Any variables bound in the . A. .
proof will be passed on to the next condition. 0N ::. fn:::,s
nhralinl,
(retract-forward form) and (retract-forwardq form) ':‘:"'::;

-
A
-
AS
-

These delete the forward-chaining axioms specified by the given form, BN
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 0

)
(printf form) and (printfq form) :f.-:ixf:;

R )
These functions pretty print all axioms whose triggers are specified by the ;:f-:::;;f-'; .
form argument, which can be either a predicate name or a pattern. Ifitis s
a predicate name, all forward-chaining axioms with the given trigger NN

name will be printed. Otherwise all forward-chaining axioms whose ®
,, v: ‘ 7
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trigger matches with the given pattern will be pretty printed. Note that if fg; -.:‘r.:

the form is a pattern the car of the pattern must be an atom. ' L e
(printc form) and (printcq form) E;_ ST
These functions pretty print all axioms whose conclusions are specified in ! o' ' .‘.:

the form argument. The form argument can be either a predicate name or IRt

a pattern. If it is a predicate name then all forward-chaining axioms that A

have as a member of thier conlusion list an atomic formula with the given I BN
predicate name will be pretty printed. Otherwise all forward-chaining ]
axioms who have a member of their conclusion list that unifies with the ey

given pattern will be pretty printed. "5‘:“&\@% ¢
(triggers) GRA
Returns a list of all the predicate names which are trigger names for < ,‘.‘,
forward-chaining axioms. 2 ;.:;:,:

Q W,

9.3 Tracing Forward Chaining sl

Because the forward-chaining mechanism is defined in HORNE, the standard

NAANENY
tracing functions (e.&., htraceall) are useable for debugginf forward-chaining c.,..f
axioms. In addition, the following trace facilities are provided. :-;‘;:;‘.j-;'.; PR
NEGANERLY:
(trace-assertions) i:*'“}ﬁ% {
NN
This causes the system to print out all axioms that are asserted by the f-"{“-“ WIS

forward chaining system. The system default is that this tracing is on. ?«\‘? - :
N
(untrace-assertions) N N_.:;':
Stops the tracing of assertions made by the forward chaining system. :f* o f_
. L'!'{L'nﬁ it

(trace-forward) ;_.v e
Causes the system to print out the trigger and rule of any forward- ',\_s.:f:-‘.':. d
chaining axiom that has been triggered. ;0‘%;'{«;?,5{«" d

Y

AP
N

-
'\(‘-{‘(
R
"ﬂ s

b )

(,
<

(untrace-forward)

Undoes the effects of "trace-forward.” e e
S
9.4 10 "S" '*yqs‘
. . . Ny \
VO for forward production rules are handled by the /O functions documented in E:-gf"‘ N
Section 6 (Saving and Restoring Programs). An exception is the function "save- e ity

indices,” which cannot be used to save forward chaining rules. ® :
9.5 Editing Forward Chaining Axioms SN

(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 X .
described in Section 3. ﬁ.} oy
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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.

e rules are: ]
(addf :all '(MYEQ ?y 72)) 'p '((MYEQ ?y ?x) (MYEQ ?x 72))) it
(addf (MYEQ ?s ?a;"(awﬁq d ?s))Qp '0) X
If we now add
(addaq (MYEQ w e) k))
the following axioms are also asserted by the system: ((MYEQ e w) p)
(« Qww)p)
(MYEQee)p)
If we now add
(addaq (MYEQre)k))
then the following are also asserted: (MYEQer) p) i:-;;;:'.j .
(MYEQrw)p) oSN
(MYEQwr) p) o
The second example involves forward chaining rules that are used to maintain AR
consistency in a data base for a simple blocks world. Here the chaining rules call O
LISP functions to delete axioms. T
RGN
(addf (pickup ?d) '((holding 7d) oI
PR (RETRACT (ontable 7d)) SRR
(RETRACT (clear ?d)) S
(RETRACT (handempty))) R
‘index :"I:':‘” N ,
R 9 0"
'((ontable 2d) o
(clear 7d) PGVt
(handempty))) S
(addaq ((ontable block1) k) Sy
" ((clear block1) k) AN
((bandempty) k)) NN
If we now add o
L
(addaq ((pickup block1) k)) s
then the axiom ((holding blockl) index) becomes true and the predicates
(ontable block1) (clear block1) and (handempty) are deleted from the data base.
f”‘ ¥
ATt
R
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10. BUILT-IN PREDICATES

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

(ASSERT-AXIOMS <listof axioms>)

Adds the specified axioms to the data base at the end of the axiom list for
the specified predicate. Thus, this performs a similar function to addz 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.

(BOUND ?x)

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

(DISTINCT <termjp> <termg>)

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 <termj> <termg>)
Succeeds if <term;> equals <term2> (i.e., they unify) (see Section 8.1).

(FAIL)
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 <term;>)
Succeeds if term is a fully grounded term, i.e., it contains no variables.

(IDENTICAL <term;> <termz>)

Succeeds if <term;> and <termg> are structurally identical, i.e., if
they unify without assignment of variable: or the equality mechanism.
For example, IDENTICAL A A) succeeds, anu (IDENTICAL A ?x) fails.
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(MEMBER <term;> <list>)
Succeeds if <term]> is equal (i.e., HORNE equality) to a term in the list.

(NOTEQ <termj;> <termz>)

Succeeds if both <term;> and <termz> are fully grounded, but to
different values. Otherwise it fails.

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

(RPRINT <termj> ... <termp>)

The values of <term;> through <term,> are printed on successive
lines.

(RTERPRI)
Prints a line feed.

(SETVALUE <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>)

Succeeds only if the call (proveq <atomic formula >) fails. This gives us
{Iroof 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); will succeed,
(UNLESS (P A)) vrill fail as expected.

But (UNLESS (P 7x)) also fails, since (P ?x) can be proven.

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

cuT

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
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), (PD), (P (f A) and (P (g ?x)), the hashed structure might look like
the following (ignoring efficiency encodings):

bucket1 -+ (PA)

bucket 2 —+(P B), (P D)

bucket 3 - (PC)

function bucket — (P (fA)), (P (g 7x))

variable bucket = (P A), (P B), (P C), (P D), (P (fA)), (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 (fA))
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>).

%

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:

=
2

S
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] ”J (5 F i
o

S

g

<number>
Hash on nth argument to predicate.

%

e
.-}a
5
oo

(i <number>)

Hash on first atom found by successively taking CARs on the nth
argument to predicate.
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! Arbitrary paths may be built by specifying a sequence of CARs and CDRs ﬁﬁiy’
. starting from the predicate name. Thus the path (CAR CDR) is equivalent to the R
. first argument. The path (CAR) would give the predicate name. The only other &
o possibility in a path is to specify an arbitrary number of CARs, specified as g
" CAR?® in the path. Thus entering (CAR* CDR CDR) is equivalent to (i 2). 3’)«. 0'.:.‘:::'
Wy o \
:': The minimum number of buckets in a hashtable is 3: one for variables, one for ;‘SQ\, Q‘-
] lists (i.e., functions), and one for atoms. The number of buckets for atoms is the Sl
i only size under programmer control. Thus, entering a 5 when prompted will TR
:i: produce 5 buckets for atoms. "“EJ;:*‘ A
el
b A sample session that hashes a predicate MYPRED on the form of its second ?‘SE‘* $
& argument (into 10 buckets), and on some other arbitrary position in the third LR
( argument (into five buckets) follows: s
ARG
¥ — (define-hashtable MYPRED) il
Enter path spec: 2 .::u';:".ﬁ
e Hashtable size? ("q" to respecify path) 10 ..:'.@;.,
z ‘ Enter path spec: (CAR* CAR CDR CAR CDR CDR) e .
b Hashtable size? ("q" to respecify path) 5 SRR T
o Enter path spec: q el
) 1.0y J
‘3 Hashtable defined. (; Y »:E‘,:;;:
iy « !.’ (A
g The hashing facility can be set up directly from a LISP function, without the X '::f:'::!‘
' user interaction, using the following functions: )
¥ G,
N (H-setup-hashtable <name> <path > < #buckets > <size>) S‘ ',h"j
" where <name> is the predicate name to hash on, <path> specifies the ':5
3 argument to hash on, <#buckets> is the number of buckets to use, and &.:‘\ 3
<size> is the expected number of entries to be made for the predicate. el b
. < ,.‘&, )
(H-setup-hashed-trigger <name> <path> < #buckets > <size>) :ﬁzf:,
Defined the same as H-setup-hashtable except that it is used for the :;,‘;&.;ﬁ
forward chaining axioms. . ’«?\*\
. N
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12. CONTROLS ON HORNE t?‘
[
The following global variebles affect the behavior of HORNE:

H$SLIMIT

The number of steps HORNE can take before asking the user whether it "'o'.,- .‘&éﬂ.
should continue. Default value is 5§00. To continue, simply enter y, to u‘j;:',:y,.“',.",
terminate enter n. You can enter debug mode by entering d, after which it
typing go gets you back to the question whether to continue. —

H3$SPARTITIONSCHK

The mechanism that adds information to the TYPE matrix does extensive *3\}‘?-':
consistency checking involving XSUBTYPEs. If no XSUBTYPE axioms A
are present the consistency testing is wasted. If this flag is set to nil then )

the testing is turned off. Default value is "t". o"'.",:’;i;

The following functions also control the behavior of HORNE: O

(warnings) ,

Enables the printing of warning messages at the user's terminal. By R
default, warning messages are printed. e :ﬁ:

(nowarnings) o~

Disables the printing of warning messages. By default, warning messages SN
are printed. -
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13. EXAMPLES
13.1 A Simple Example

[ ol o S SN

“
5'. The following is a simple session with HORNE:
b
Kl *(addzq ((HAPPY ?person ?item) <
* (DESIRABLE ?item)
’ (CAN-AFFORD ?person ?item))
_‘*Z ; you can afford items if you have money
35 ((CAN-AFFORD ?person ?item) <
: (HAS-MONEY ?person))
i ; but love is for free
((CAN-AFFORD ?person Sweetheart) <)
» ((DESIRABLE Newsuit) <)
B ((DESIRABLE Caviar) <)
b ((DESIRABLE Sweetheart) <)
R ((HAS-MONEY Sam)) )
= *(htraceall)
[ ; prove JOHN can be happy even if he has no money
: *(proveq (HAPPY JOHN ?why))
'y
2 (g-1) (HAPPY JOHN ?why)
(g-2) (DESIRABLE ?why)
¥ (r-2) (DESIRABLE Newsuit)
' (g-2) (CAN-AFFORD JOHN Newsuit)
(g-3) (HAS-MONEY JOHN)
! ; note, backtracking to(q-2) (DESIRABLE ?why)
: (r-2) (DESIRABLE Caviar)
K (q-2) (CAN-AFFORD JOHN Caviar)
{ (q-3) (HAS-MONEY JOHN)
: ; backtracking again to(q-2) (DESIRABLE ?why)
o (r-2) (DESIRABLE Sweetheart)
g (q-2(CAN-AFFORD JOHN Sweetheart)
(r-2) (CAN-AFFORD JOHN Sweetheart)
K (r-1) (HAPPY JOHN Sweetheart)
‘" ; end of trace, the value returned is:
o ((HAPPY JOHN Sweetheart))
o
¥ 5
it ¥
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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.

;s The type hierarchy

(addzq (ISUBTYPE 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 2m*MUSICIAN))
((HAPPY ?p) < (TEACH ?p) (SING ?p)))

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

(addzq (ITYPE JACK MUSICAL-PROFESSOR)))
Now we can prove the following:

Is Jack Happy? yes.
(proveq (HAPPY JACK))

(q-1) (HAPPY JACK)
(g-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)

(a-2) (TEACH ?x)

(r-2) (TEACH ?y*PROFESSOR)

(q-2) (SING ?y*PROFESSOR)

(r-2) (SING ?z*MUSICAL-PROFESSOR)
(r-1) (HAPPY ?7z*MUSICAL-PROFESSOR)

((HAPPY 7z2*MUSICAL-PROFESSOR))
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14. THE REP SYSTEM

The REP system s1_1&ports reasoning about structured s (see Section 3.4 of
the introduction). The following naming conventions, while not necessary, are
used to distinguish the different kinds of objects:

T- ...~ atype name

R- ... -~ arolename

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

¢- ... --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 sub 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
(define-subtype '<type > '<supertype > { <rolename type >)*)
(define-subtypeq <type> <supertype > ( <rolename type>)*)

Defines <type> as a subtype of <supertype> and defines the indicated
e 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 'T-ACTION 'T-U '(R-ACTOR T-ANIM))

defines T-ACTION to be a s.ubl:ya:laI 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 > { <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 of T-ACTION above,

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

would define T-EAT to be a subtype of T-ACTION with roles 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
adding:
(FUNCTIONAL T-EAT)
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(ISUBTYPE T-EAT T-ACTION)
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)

ETTdeﬁnition of f-actor for T-ACTION will apply as needed to instances of T-

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

(define-instance ‘<instance > '<type > ! <rolenamevalue >)*)
(define-instanceq <instance> <type> ( <rolenamevalue>)*)

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

(define-instance 'E1 'T-EAT '(R-OBJ F1 R-ACTOR JOE))
is equivalent to adding

(ITYPE E1 T-EAT)
(ROLE E1 R-OBJ F1)
(ROLE E1 R-ACTOR JOE)

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

(EQ (c-eat F1 JOE) E1)
(EQ (f-obj E1) F1)
(EQ (f-actor E1) JOE)

14.2 Retrieving in the REP System

The REP system provides a dgeneral 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
(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-OBJ
role I:let to O1 and R-ACTOR set to (f-actor A2), then (retrieve-def 'A)
would return

(CONSTANT T-OBJ-ACTION (R-OBJ O1) (R-ACTOR (f-actor A2)))
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 "'T-EAT)
(TYPENAME (T-ACTION) (R-OBJ R-ACTOR)
(T-FOOD T-ANIM))
> (retrieve-def 'R-OBJ)
(ROLENAME (T-EAT))
> (retrieve-def 'R-ACTOR)

(ROLENAME (T-EAT T-ACTION))

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

> (retrieve-def'c-eat)
(FUNCTIONNAME (T-FOOD T-ANIM) T-EAT)

> (retrieve-def ‘?x*T-EAT)
(VARIABLE T-EAT)

> (retrieve-def 'E1)
(CONSTANT T-EAT (R-OBJ F1 R-ACTOR JOE))

> (retrieve-def'(f-obj E1))
(CONSTANT T-FOOD)
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> (retrieve-def '(c-eat (f-obj E1) J ACK))
(CONSTANT T-EAT (R-OBJ (f-obj E1) 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)
(CONSTANT T-EAT (R-OBJ (f-obj E2) R-ACTOR JACK))

14.3 Examples

-e

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

(DEFINE-SUBTYPEQ T-PHYS-OBJ T-U)
(DEFINE-SUBTYPEQ T-LEGAL-PERSONS T-U)
(DEFINE-SUBTYPEQ T-HUMANS T-LEGAL-PERSONS)
(DEFINE-SUBTYPEQ T-COMPANIES T-LEGAL-PERSONS)
(DEFINE-SUBTYPEQ T-RELATION T-U)

S o

(R-AGT T-LEGAL-PERSONS) (R-OBJ T-PR ’S-C:
(DEFINE-SUBTYPEQ T-AUTOMOBILES T-PHYS-+J
8. (DEFINE-SUBTYPEQ T-MUSTANGS T-AUTOMOb/LES
9. (DEFINE-SUBTYPEQ T-MODEL-TS T-AUTOMOBILES)

10. (DEFINE-INSTANCEQ I-GM T-COMPANIES)
(ATYPE I-GM T-COMPANIES)))

11. (DEFINE-INSTANCEQ I-FORD T-COMPANIES)
((dATYPE I-FORD T-COMPANIES)))

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

13. (DEFINE-INSTANCEQ I-LIZZY T-MODEL-TS)
((ITYPE I-LIZZY T-MODEL-TS)))

Now we add a fact that ford builds all mustangs using the "builds” relation

defined above in step 6

------------------------------

.......

(DEFINE-FUNCTIONAL-SUBTYPEQT-BUTL 7 - | - "ATION
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14. (addzq ((holds (c-builds i-ford ?m*t-mustangs)))) :si%; ¢
l.. . .
;  Atrivial proof that ford builds "old black" (defined in line 12) Lt 3'
15. (proveq (holds (c-buildsi-fordi-old-black))) NG
((HOLDS (C-BUILDS I-FORD I-OLD-BLACK))) aan
NS
;  Here we explicitly build an instance of the relation that ford builds uE"J: -ﬁf
; old-black, using the define-instanceq function. The actual axioms Bsnauas
; added to the system follow. NN
ROy
16. (define-instanceqi-b-o-b t-builds (r-agt i-ford) (r-obji-old-black)) R
(@TYPE I-B-O-B T-BUILDS))) Y
17. (printigi-b-o-b) S
( E I.B-0-B T-BUILDS) I-B-O-B) RN
((ROLE I-B-O-BR-AGTI-FORD) I.B-O-B) : %
((ROLE I.B-O-B R-OBJ I-OLD-BLACK) _ I-B-O-B) i
((EQ I-FORD (F-AGTI-B-O-B)) 1.B.O-B) : Mo
((EQ I-OLD-BLACK (F-OBJI-B-O-B)) I-B-O-B) % x,.
((EQ I-B-O-B (C-BUILDS ( F-AGT 1-B-O-B) ( F-OBJ I-B-0-B))) 1-B-O-B) " e
; Now we can prove that relation i-b-0-b also holds (i.e., it unifies with fact ', AR ;‘4
: added in step 14) o4
18. (proveq (holdsi-b-o-b)) i
((HOLDS I-B-O-B)) »
AR
;  Now we define a relation that ford builds lizzy (19), and then assert that RN
; this relation holds (20): RSSO,
. DA
19. (define-instanceqi-build-lizzy1 t-builds (r-agt i-ford) (r-obj i-lizzy)) Ixji-::;_.: \
((ITYPE I-BUILD-LIZZY1 T-BUILDS))) L
N RERRY
20. (addzq ((holdsi-build-lizzy1))) $;::;:;--¢:,,
e L
:~ Now we can find the company that builds lizzy using the constructor "",‘“'S"“;::
© " function for T-BUILDS. d Rda
[ ]
21. (proveq (holds (c-builds ?c*t-companies i-lizzy))) Ry
((HOLDS (C-BUILDS I-FORD I-LIZZY)) ;fk;;;;;
NN
; Now we happen to define another build relation that turns out also to be ;»ﬁ-.g-::q_f‘ ‘
; that Ford builds lizzy as well. »‘-.-3-.-3;-;.-.
22. (define-instanceq i-build-lizzy2 t-builds (r-agt i-ford)) i"_’»‘,‘:ﬁ':ﬁ-'g’t
((ITYPE I-BUILD-LIZZY?2 T-BUILDS))) :§:§::_\§:
AN '\-v"w
23. (addzq (ROLE i-build-lizzy2 R-OBJ i-lizzy)) ;a;%g;g:
. This relation can then also be shown to be hold: :___ )
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24. (proveq (holdsi-build-lizzy2)) o
o ((HOLDS I-BUILD-LIZZY2)) R

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

find all relations involving I-LIZZY in any way sk
25. (prove :all ‘(role ?r*t-relation ?n i-lizzy)) —
((ROLE I-BUILD-LIZZY1 R-OBJ I.LIZZY) —
(ROLE I-BUILD-LIZZY2 R-OBJ I-LIZZY)) *?{:C: W

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

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

M et

h ." 2 " i

o ; find all relations involving automobiles in any role %’é} oy
[’

il Ass

&
w

[
r_g6

’ 27. (prove :all '(role ?r*t-relation ?n ?a*t-automobiles)) i

. ((ROLE I-BUILD-LI1ZZY1 R-OBJ I-LIZZY) e
(ROLE I-BUILD-LIZZY2 R-OBJ I-LIZZY) B
(ROLE I-B-O-B R-OBJ I-OLD-BLACK))
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; INDEX OF FUNCTIONS ”x';:
(add-comment '<predname > '<corament >) -- Sect. 2.4 , - ‘i’

| (add-to-comment ‘'<predname > '<comment>) -- Sect. 2.4 ‘;E‘_:__
B (adda '<axiom; > ... '<axiom,>) and (addaq <axiomj;> ... <axiomp>)-- Sect. 2.1 S":SE ,
; (addf :all { <atomic formula > ...) '<index > { <atomic formula> ...)) -- Sect.9.1.1 ,:_:':'-;,‘;:_;
S (addf '<atomic formula> ! <atomic formula> ...) '<index> [ EATIIS
: { <atomic formula>) ... ) -- Sect.9.1.1 ERSATAY
f (addfq :all ( <atomic formula) ...) <index> ( <atomic formula> ...)) -- Sect.9.1.1 :;, ff‘_,
(addfq <atomic formula > ( <atomic formula> ...) <index> RSO

( <atomic formula>) ...) -- Sect. 9.1.1 ) o

(addz '<axiom; > ... '<axiomn>) and (addzq <axiom]> ... <axiom,>)--Sect.2.1 :J::_:’EE

a (any ?newvar (constraint ?newvar)) -- Sect. 8.2 ":?“":'
" (ASSERT-AXIOMS <axiom >)-- Sect. 10 RN
. (ATOM <term >)-- Sect. 10 AR
; (axioms '<list of axioms>) -- Sect. 2.1 5252“:‘
(axioms-by-index '<index >) -- Sect. 2.2 :j.?ﬁ.:;.:-
. (axioms-by-name-and-index '<pred-name > '<index>) -- Sect. 2.2 !. , j
E (bind '<variable > '<value >) -- Sect. 5.2 ol
' (BOUND ?x) -- Sect. 10 Rl
(clear ‘<index>) and (clearq <index>)-- Sect. 2.1 L‘,‘

(clearall) -- Sect. 2.1 "\E(’lE{E

CUT - Sect. 19 N
(declare-fn-type <fn-name > (<type; > ... <typep> <typename>)-- Sect. 7.1 ;:}‘.-‘-:'.:x
(declare-lispfnq <namej> ... <namep>) -- Sect. 5.2 “‘_\:.,
(declare-varyingq <predname;> ... <predname,>) -- Sect. 2.1 ?::
(defined-functions) -- Sect. 7.3 LR
(define-functional-subtype '<type > '<supertype > ! <rolename type >)*) -- Sect. i 4.1 ",::’“\
(define-functional-subtypeq <type > <supertype > ( <rolename type >)*) - Sect. 14.1 ":,:
(define-hashed-trigger <predicate name>) -- Sect. 11 \::E’E
(define-hashtable <predicate name >) -- Sect. 11 !5_3 < :\'
‘ (define-instance '<insta'ice > ‘<type > { <rolename value >)*) -- Sect. 14.1 ::*‘E:
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(define-instanceq <instance> <type>( <rolename value>)*)-- Sect. 14.1
(define-subtype '<type > '<supertype > ! <rolename type >)*) -- Sect. 14.1

(define-subtypeq <type> <supertype > ( <rolename type >)*) -- Sect. 14.1
(delete-fn-definition '<function name>) -- Sect. 7.1

(DISJOINT <type; > <type2> ... <typep>)-Sect.T

(DISTINCT <termj]> <termg>) -- Sect. 10

(dump-horne '<filename >) -- Sect. 6

(dump-predicates '<filename > '<list of prednames >) -- Sect. 6

(editf '<predname >) — Sect. 9.5

(edita <predicate name>)-- Sect.3

(EQ <term;> <termg>) -- Sect. 10

(equivclass ‘<ground term >) -- Sect. 8.1

(equivclass-v '<term >) -- Sect. 8.1

(FAIL) -- Sect. 10

(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 '<terrﬁ >)--Sect. 7.3

(goal) - Sect. 4.3

(GROUND <term;>)-- Sect. 10

(H-setup-hashed-trigger <name> <path> < #buckets> <size>)-- Sect. 11
(H-setup-hashtable <name > <path > < #buckets > <size>)-- Sect. 11
(htrace ‘<predspec; > ... ‘<predspecn >) -- Sect. 4.2

(htrace-post-proof) -- Sect. 8.2
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(htraceall) -- Sect. 4.1

(htraceiq <index-specy> ... <inde.£-specn >) -- Sect. 4.2

(htraceq <predspec; > ... <predspecn>) -- Sect. 4.2

H$SLIMIT -- Sect. 12

H$SPARTITIONSCHK -- Sect. 12

(IDENTICAL <term;> <termg>)-- Sect. 10

(indices) —- Sect. 2.2

(int type; typeg) - Sect. 7.4

(INTERSECTION <newtype> <type; > <typez>)-- Sect. 7
(issub '<type; > '<typez >) -- Sect. 7.3

(ISUBTYPE <subtype> <supertype>) -- Sect. 7

(isvariable '<term >) -- Sect. 5.2

(ITYPE <individual > <typename>)-- Sect. 7

(matrix-relation type; type2) -- Sect. 7.3

(MEMBER <term)> <list>) -- Sect. 10

(NOTEQ <termj> <termg>) -- Sect. 10

(normal-type-mode) -- Sect. 7.6

(nowarnings) -- Sect. 12

(print-answer) -- Sect. 2.3

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

(printc form) and (printeq form) -- Sect. 9.2

( p'i'intf form) 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
(proof-trace) -- Sect. 4.3

(prove :all '<atomic formula; > ... '<atomic formulan>) -- Sect. 2.3
(prove ‘<atomic formula; > ... '<atomic formulan >) -- Sect. 2.3
(prove <number > '<atomic formula; > ... '<atomic formulan, >) -- Sect. 2.3
(prove :query '<atomic formula; > .. '<atomic formula, >) -- Sect. 2.3

(proveq :all <atomic formula; > ... <atomic formulan>)-- Sect. 2.3
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(proveq <atomic formula;> ... <atomic formulan>) -- Sect. 2.3

(proveq <number> <atomic formula; > ... <atomic formulan>)-- Sect. 2.3
(proveq :query <atomic formulaj > ... <atomic formulap>) -- Sect. 2.3
(recompile-matrix) -- Sect. 7.2

(relations) —- Sect. 2.2

(reset) - Sect. 2.1

(reset-all-tracing) -- Sect. 2.1

(retract-forward form) and (retract-forwardq form) -- Sect. 9.1.1
(RETRACT <termj>)-- Sect. 10

(retracta '<predicate name >) and (retractag <predicate name >) -- Sect. 2.1
(retractall ‘<pattern >) and (retractallqy <pattern>)-- Sect. 2.1

(retractz '<predicate name >) and (retractzq <predicate name >) -- Sect. 2.1
(retrieve-def '<object >)

(RPRINT <termj> ... <termp>)--Sect. 10

(RTERPRI) -- Sect. 10

(runtime) -- Sect. 2.3

(save-horne '<filename >) -- Sect. 6

(save-indices '<filename > ‘<list of indices >) -- Sect. 6

(save-predicates '<filename > '<list of prednames >) -- Sect. 6
(see-function-definition '<function name >) -- Sect. 7.3

(SETVALUE <variable> <LISP expression >) -- Sect. 5.1, Sect. 10
(show-clauses) -- Sect. 4.3

(show-facts) -- Sect. 4.3

(show-proof-trace) -- Sect. 4.3

(stack) -- Sect. 4.3

(top) -- Sect. 4.3

(totry) - Sect. 4.3

(trace-assertions) -- Sect. 9.3

(trace-forward) -- Sect. 9.3
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(trace-typechecking) -- Sect. 7.5
(trace-typechecking breuk) -- 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 <type; > <typez>) -- Sect. 7.7
(types) -- Sect. 7.3

(unhtraceall) -- Sect. 4.1

(unhtrace-post-proof) -- Sect. 8.2

(unhtrace ‘<predicate name; > ... ‘<predicate name, >) -- Sect. 4.2
(unhtraceiq <indexj> ... <indexp>)-- Sect. 4.2
(unhtraceq <predicate name;> ... <predicate namey >)-- Sect. 4.2
(UNLESS <atomic formula>) -- Sect. 10
(untrace-assertions) -- Sect. 9.3
(untrace-forward) -- Sect. 9.3
(untrace-typechecking) -- Sect. 7.5

(VAR <variable>) -- Sect. 10

(vartype '<variable >) -- Sect. 5.2

(warnings) -- Sect. 12

(XSUBTYPE ( <type; > <type2 > ... <typen>) <super-type>)-- Sect. 7
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Appendix A-3
THE LOGIC OF PERSISTENCE

Henry A. Kautz

Deparunent of Computer Science
University of Rochester
Rochester, New York 14627

ABSTRACT

A recent paper [Hanks1985] examines temporal rea-
soning as an example of default reasoning. They conclude
that all current systems of default reasoning, including
non-monotonic logic, default logic, and circumscription,
are inadequate for reasoning about persistence. [ present
a way of representing persistence in a framework based on
a generalization of circumscription, which captures Hanks
and McDermott's procedural representation.

1. Persistence

The frame problem is that of representing a dynamic
world so that one can formalily infer the facts whose truth
values are not changed by a given action. A temporal
world model allows one to assert that various actions occur
at various times. and to be silent about other times. When
one reasons with such a model, the frame problem is gen-
eralized to the persistence problem: given that no
relevant acton. or perhaps no action at all, occurred over
a stretch of time, one may need to infer that certain facts
do not change their truth values over that time. (n other
words, one needs to represent the “inertia” of the world,
the moment to moment persistence of many of its proper-
ties.

Examples of persistence abound in everyday reason-
ing. Sitting in my office. | can infer that my car is in the
parking lot, because that is where I left it this moming.
[Hanks1985] examines the following example, here
sxmphﬁed Assume a simple linear, discrete model of
ume, containing instants 1. 2. 3, etc. At time 1 John is
alive, and a gun aimed at John is loaded. At time 3 the
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
would like to conclude that fohn is not alive at time 4. {n
order to do so, we must make the persistence inference
that the gun stays loaded from times 1 to 3. (See figure
1)

This report describes work done in the Department of Computer Sci-
ence at the University of Rochester. [t way supported in part by
Nauonal Science Foundauon grant DCR-8502481

2. Problems with Default Reasoning

We would like to find some simple rule of default
inference which captures persistence reasoning. Hanks
and McDemott describe “obvious” solutions to the per-
sistence problem using Reiter's default logic, McCarthy's
circumscription operation, and McDermott and Doyle’s
non-monotonic logic. In default logic, for example, one
would include an rule which stated that if a fact held at a
ume T1, and it was consistent that it held over an interval
immediately following time T1, then infer that it does
hold over T1. In the circumscriptive approach, one could
define a "clipping event” which occurs whenever a fact
changes truth value. Persistence is indirectly asserted by
circumscribing (minimizing) the predicate which holds of
all clipping events.

While intuitively appealing, these approaches do not
work. The basic problem. Hanks and McDermott point
out, is that default inferences are not prioritized by each
system. For example, applying default rules in different
orders yields different extensions: in circumscripuon,
many different models of the axioms may be minimal in
the “clipping” predicate. Yet only some of these exten-
sions or minimal models correspond to the intuitive
understanding of persistence.

Consider the gun example. The axioms have a
minimal model (or corresponding extension) in which the
fact ALIVE persists, but the fact LOADED is (mysten-
ously) clipped between times 1 and 3. (See figure 2)
Therefore simply circumscribing clipped (or adding
default rules) does not sancuon inferences about per-
sistence.

3. A Procedural Solution

Hanks provides a temporal-assertion management
program which computes persistences. Hanks's program
functions by computing persistences in temporal order,
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
it captures the temporal order of causality: the gun being
loaded can cause John to die, and so has precedence over

it
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Hanks is not optimistic about the ability of any "Good” models, Hanks and McDermott suggest, are ones ?-:#Q::&
default logic to handle this reasoning properly: "..If a in which earlier facts persist as long as possible. and so gttt
significant part of defeasible reasoning can't be should fa!l at the beginning of the ordering. Where M1 r:.':.r;‘:-'
represented by default logics, and if in the cases where the and M2 are models, M1 is as good or better than M2 if ‘ C
logics fail we have no better way of describing the reason- every clipping in M1 is either matched by an identical P
N ing process than by a direct procedural characterizaton clipping in M2, or by an earlier clipping in M2 (possibly ':"\.‘Q"
:; (like our program or its inductive definiuon). then logic as of some different fact) which does not also appear in M1. :__:.‘;‘ o
an Al representation language begins to look less and less The less than or equal relation between models is for- e
n attractive.” Such pessimism may be premature. It is possi-  mally defined as follows. Where M1 is a modei and P is a ‘“ -,';‘-. "
0 ble to represent many kinds of ordered defaults in an  predicate, the expression MI[P] yields the extension of P ROAA
' declarative representation. We show how this can be done  in M1. The extension of a binary predicate such as Clip is C
in a circumscriptive framework. a set of pairs. where the pair of x and y is written <x, y>. ARG
) Models can be compared only if they interpret constant, -f.--::-::-'
N 4. Mode! Theory function. and predicate symbols other than Clip or Hold IS
] The semantics of circumscription are based on the in the same way. [n particular, this means that the models AN
N idea of minimal entailment. One statement entails  agree on the predicate “<", which is used to order ume A
‘ another if all models of the first are also models of the instances. Because models may be compared even if they Dt
' second. Suppose a partial order is defined over class of  do not agree on the predicate Hold. that predicate (as well , e
models. The minimal models of a statement are those as Clip) is said to vary during the minimization. .ﬁ.‘: WAL
'.: which have no surict predecessor in the partial order. Ay :
Y Then one statement minimally entails another if all < if Ivi i
¢ minimal models of the first are also models of the second. ML < M2ifand only if 4 ,' "c:‘"»
) McCarthy's original formulation of circumscription (i) M1 and M2 have the same domain '::1- ' _'.
1 [McCarthy1980] 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 -.'-,n
5 M1 would be less than a model M2 if the extension of P than Clip and Hold receives the same interpretation N N b
N in M1 is a subset of its extension in M2, and M1 and M2 in M1 and M2. \{: Wy &L
are otherwise the same, Newer work [McCarthy1985] has 4 g h
A refined this definition, largely concentrating on the role of  (iii) The following (meta-theoretic) statement is true: :c: .:."g’
b, the non-circumscribed predicates in the minimization. o '!"!h
' But many other variations on circumscription are possible. <f, © € M][Clip] D ‘ &
Let facts (such as LOADED) be represented by <f. © € M2[Clip] V e SE R
b, terms, and the atom Iof <L e( M2[Clip] & :-.;.»\::.‘ -3
<, v> € MI[Clip) & Tt )
5, Hold(.h v € MIK RSSO
. be used to assert that fact f holds at time t The predicate ' e ,-;":-L
\ Clip holds of a time and a fact if the fact becomes false at The final clause in this formula means that the time £ rn
“ that tme; otherwise, the truth-value of the fact persists instant t is before the ime instant L — .
: from the easlier instant. That is: A model M1 is strictly bemer than M2 (MIKM2) just )
Hold(t.f) O (Hold(t+ 1.f) @ Clip(t+ 1.0) in case M1<M2 and it is not the case that M2<M1. frc~ s
: i iti if MICM2, then NG
L (The symbol @ represents exclusive or.) Suppose we are  F.rom this definition one can prove that if M1CM2, U T
"ﬁ given some assertions about when various facts hold. We (D terms of the Clip predicate) M1 and M2 are identical :.'-} , ".:-
s wish 10 define 2 partial order over models of these sen  UP 10 some time U at . the set of clippings in M2 prop- Ve
4 tences which reflects our intwitions about persistence,  Cf1Y includes the set of clippings in M1. . e
< : ;::;».‘:*
1 2 3 4 W
A 1 2 3 4 o ﬁl\'
o t ALIVE " " ALIVE N .‘a.::.;-{; _
: r l ' 7 RN
1 LOADED 1 LOADED ®
4 i ! I ’ ?‘ﬁ !
K- l FIRE l FIRE e,
. | > I > ?' '.’aﬁ'
. ~ ‘
b Figure 1 Figure 2 A :'*':
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The minimal models are those M such that there is
no M’ such that M'(M. [t is important to understand that
the set of models is only parrially ordered: there will be
many minimal t.iodels.

The set of minimal models may be empty if there is
an infinite chain of models. M1 > M2 > M3 > ... This
can occur if we minimize an existential statement of the
form. "f will eventually be clipped”. with no upper bound
placed on the time of clipping. The preference order will
attempt to postpone the clipping for an infinite period of
time. This problem does not occur if such an unknown
time is given a (skolem) constant name. however, due to
the fact that constants and funcuons do not vary in the
minimization.

S. Proof Theory

McCarthy's circumscription formula is a statement in
2nd-order logic which entails those statements true in all
the mirimal models of a predicate. The foilowing per-
sistence circumscription formula entails those statements
true in models minimal in the parual order defined above.
Let K(Clip.Hold) be our inital set of temporal asseruons.
We write an expression such as K(Foo.Bar) to stand for
the set of sentences obtained by substituting the predicates
Foo and Bar for every occurrence of Clip and Hold in
K(Clip,Hold) respectively. The variables ¢ and h range
over predicates.

VYch.
{K(c.h) &
Vuf.cth D
(Clip(t.f) V
Juf. <& Clip(R.2) & "o(2.02))}
D Vv uf. Clip(t) = c(t.h)

The formula can be informally understood as follows.
Suppose that ¢ and h are arbitrary predicates which
sausfies all the constraints placed by the knowledge base
on the predicates Clip and Holds respectively. Further-
more, suppose whenever ¢ holds of a particular time and a
particular fact, then either Clip also holds of that time and
fact, or Clip holds of some earlier time and fact which are
not in the extension of ¢. The conclusion is that ¢ and
Clip are identical; the second alternative is never the case.
There cannot be a predicate which satisfies all the con-

the corresponding minimal models. Modus ponens then
allows us to conclude that the extension of Clip is pre-
cisely the desired set of clippings: Clip(t.f) = c(Lf).

it is possible to show that this formula is valid in all
models minimal in the above sense. As with standard cir-
cumscription, the formula is inconsistent if there are no
minimal models. [Lifschitz1985] develops a generic
circumscription-like formula based on pre-orders. The
formula above is easy t0 express in Lifschitz’ compact and
elegant notation.

6. Example

The gun example illustrates the use of persistence cir-
cumscription. K(Clip.Hold) is the following set of state-
ments. Not shown are unique name axioms, such as
LOADED = ALIVE, etc.

Hold(t,f) D (Hold(t+ 1.0) @ Clip(t+1.))

Hold(t,FIRE) & Hold(t LOADED) D
=Hold(t+ 1,LOADED) & —Hold(t+ 1, ALIVE)

Hold(1.LOADED)
Hold(1,ALIVE)
Hold(3.FIRE)

The goal is to prove that —Hold(4ALIVE). (A more
complete set of axioms would also state that if something
is a fact, and it does not hold at a ume, then its negation
holds at that time. This complicauon would not matenally
change our solution.)

Our intuitions tell us that the only (required) clipping
event occurs at time 4, when both LOADED and ALIVE
become false (as in figure 1). The instantiation for ¢ is
therefore:

c=Atf. t=4& (f=LOADED V f=ALIVE)

When do various facts hold? Again referring to figure 1,
we see that LOADED and ALIVE hold between times 1
and 3. and FIRE begins holding at time 3 (and persists
thereafter). For h we can thus choose:
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straints on Clip. yet allows some fact to persist for a longer - \.,-
time, without having to clip some other fact at that time. — SR '-':~‘ )
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{K(c.h) &
vuf.ceh D
[Clip(vf) Vv
3R, ¢ & Clip2.2) & ~c(2.02)}}
D Vv uf. ClipLh) = c(u.h)

must be true, where ¢ and h are defined as above. This is
done by showing (i) that K(Clip,Hold) entails K(c,h), and
(ii) that K(Clip,Hold) entails:

* Vif.cdthD
[Clip(t.0) V
3 2.2 . <t & Clip(r2.2) & =c(12.12)]

The first part of the proof involves substituting ¢ and
h for Clip and Holds in the iniual knowledge base and
simphifying. which is straightforward but tedious. For
example, the formula Hold(1,LOADED) becomes
h(1,LOADED). which is:

[ALE.
(f=LOADED D 1<1<})) &
(f=ALIVED 1<1<}) &
(f=FIRED 123) &
(f=LOADED V f=ALIVE V f=FIRE)] (1,LOADED)

This expresston reduces to;

(LOADED=LOADED D 1<1<3) &
(LOADED=ALIVE D 11N &
(LOADFD=FIRED 1>3) &
(LOADED=LOADED V
LOADED = ALIVE V
LOADED = FIRE)

which. given the unique name axioms mentioned above, is
a tautology.

The second step. as mentioned above, is to show that
K(Clip.Hold) e¢ntails the statement marked with a (#).
The antecedent of () is false, and the statement therefore

true, except when t=4, and f=LOADED or f=ALIVE.
Therefore we must show that:

Clip(4,LOADED) Vv
3 2.2, 24 & Clip(R.R) & m(2.2)

and

+  Clip(4ALIVE) V
IR W& Clip(2.2) & “d2.0)

VI P . R P ) v‘s‘_\(\-)'\..‘h'.\
g M N N L ER LA S
%3 *“:F;' *Mﬁi';’,\f -.."':é\-:ha‘-" ot
A .MJ-‘*M'*& )

Consider the sentence involving ALIVE, marked with a
(). We can show this statement is true by showing that if
the second main disjunct 1s false. then the first disjunct
must be true. So suppose that

J 2.4 & Clip(.f) & —c(2.f2)

is false. This means that there is no clipping event before
ume 4. K(Clip.Hold) includes the statements
Hold(1,ALIVE) and Hold(1.LOADED). The axiom

Hold(t.f) D (Hold(t+ 1.f) & Clip(t+1,5)

can therefore be apphied for times t=1 and t=2, giving
the conclusion

Hold(3.ALIVE) & Hold(3.LOADED)

Since Hold(3,FIRE). the axiom about finng loaded guns
tells us that —VHold(4,ALIVE). Since Hold(3.ALIVE), we
finally conclude that Clip(4 ALIVE), the first disjunct of
(t). is true. Therefore () is true. The sentence (just

before (7)) involving LOADED can be proven in a similar
manner,

Thus the statement (%) is true, the main antecedent

of the instantated persistence circumscription formula is
true, and so

Clip(t.f) = c(t.f)

Since c(4.ALIVE). it must the case that Clip(4,ALIVE),
and so —tHold(4,ALIVE).

Discussion

Several morals can be drawn from this exercise. One
is that in reasoning about time, and probably most other
applications, default inferences must be properly ordered.
Another is that we may need to step beyond the incre-
mental progression of circumscriptive techniques, from
predicate circumscription, to circumscription with van-
ables, to formula circumscription, and view circumscrip-
tion as a general framework for expressing inference in
terms of various classes of minimal models. A final moral
is that by thinking about default inference in terms of
relationships between models, we may more readily see
the inadequacies of our own purported soluuons.

The parucular formulas just presented do not solve in
the persisience problem in general. Recall the example
using persistence to infer that my car is in the parking lot.
Suppose { learn at time 1000 that my car is gone. Using
the techniques just descnibed. [ can infer that the car was
in the parking lot up to the shortest possible time before {
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knew it was gone. This is clearly an unreasonable infer-
ence. Someone could have stolen it five minutes after |
left it there: { have no reason to prefer an explanation in
which it vanished five seconds before [ glanced out my
office window. The inadequacy is ontological: we can't
handle persistence properly unul we have a ncher theory
of causation. The purely temporal soluton often works
because the flow of time reflects the order of physical cau-
sation. When the full story of causation 1s told, we then
require an efficient algorithm for performing the necessary .
deductions, such as Hanks's, and a clear model theory, ; -

such as that provided by generalized circumscription, 0 :'_..- -‘_.-‘t.)-\.';-
explain and justify the whole process. ;«.j}“&c"s’\
i
ottt i e
)'.‘. }" ) \J:&.\'. i
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GENERALIZED PLAN RECOGNITION

Henn A. Kautz
James F. Allen

Department of Computer Science
University of Rochester
Rochester, New York 14627

ABSTRACT

This paper outlines a new theory of plan recognition that
is significantly more powerful than previous approaches. Con-
current actions. shared steps between actions. and disjunclive
information are all handled. The theory allows one to draw
conclusions based on the class of possible plans being per-
formed. rather than having to prematurely commit o a single
interprewation. The theory employs circumscription (o
transform a first-order theory of action 1nto an action taxonomy.
which can be used to logically deduce the complex action(s) an
agent is performing.

1. Introduction

A cenual issue in Artificial Intelligence is the representa-
tion of actions and plans. One of the major modes of reasoning
about actions is called plan recognition. in which a set of
observed or described actions is explained by constructing a
plan that conuains them. Such te‘chnigpes are useful in many
areas. including story understanding, discourse modeling. stra-
tegic planning and modeling naive psychologly. In story under-
standing, for example. the plans of the characters must be
recognized itom the described actions in order to answer ques-
tions based on the swory. [n strategic planning, the planner may
need to recognize the plans of another agent in order {0 interact
(co-operatively or competitively) with that agent

Unlike plannirg. which often can be viewed as purely
hypothetical reasoning (i.e. if I did A. then P would be true),
plan recognition models must be able w represent actual events
that have happened as well as proposing hypothetical explana-
uons of actions. In addition. plan recognition inherently
involves more uncerwainty than in planning. Whereas in plan-
ning. one is interested in finding any plan that achieves the
desired goal. in plan recognition. one must attempt to recognize
the parucular plan that another agent is performing. Previous
plan recognition models. as we shall see. have been unable o
deal with Uus form of uncertainty in any significant way.

A truly useful plan recognition system musL besides being
well-defined. be able 1o handle various torms of uncertainty. In
particular. often a given set of observed actions may not
uniquely identify a particular plan. vet many imponant conclu-

sions can sull be drawn and predictions about fuiure actions
can still be made.

For example. if we obsene a person in a house picking up
the car keys. we should be able to infer that they are going (o
leave the house 10 g0 to the car. even though we cannot tell if
they plan to dnive somewhere. or simply to put the car in the
garage. On the basis of this informauon. we might ask the per-
son (0 take the garbage out when they leave. [0 accomplish
this. 3 system cannot aat until a single plan is uniquely
identified betore drawing any conclusions. On the other hand. a
plan recognizer should not prematurely jump to conclusions
either. We do not want 1o handle the above example by simply
This work was supported in part by the Air Fo
Rome Air Development Center. Gnffiss Air Frgriesyrfﬂ‘aﬁg%"m?é
Force Office of Scienufic Research. under Contract No, F30602-85-C-
g(s)ggksfnd the Nauonal Science Foundation under grant DCR-

inferring that the person is going to put the car into the garage
when there is no evidence to support this interpretation over
the one involving driving to the store.

In addition. a useful plan recognizer in many contexts can-
not make simplistic assumptions about the temporal ordering of
the observations either. In story understanding, tor example. the
actions might not be descnbed in the actual order that they
occurted. [n many domains, we must also allow actions to occur
simultaneously with each other. or allow the temporal ordenng
not to be known at all. Finally. we must allow the possibility
that an action may be executed as part of two independent
plans. We might. for example. make enough pasta one night in
order to prepare two separate meals over (he next two days.

None of the previous models of plan recognition can han-
dle more than a few of these situations in any general way. Part
of the problem is that none of the frameworks have used a rich
enough temporal model to support reasoning about temporally
complex situations. But even if we were able to extend each
framework with a general temporal reasoning tacility. there
would still be problems that remain. Let us consider three of
the major approaches briefly, and discuss these other problems.

The explanation-based approaches. outlined formally by
{Cha85] all attempt to explain a set of observations by finding a
set of assumpuons that entails the observations. The problem
with this is that there may be many such sets of assumpiions
that will have this property, and the theofy says nothing as to
how to select among them. In practice. systems based on this
framework (e.g. [W1l83]) will over-commit. and select the first
explanation found, even though it is not uniquely identified by
the observations. In addition. they are not able to handle dis-
junctive information.

The approaches based on parsing (e.g. [Huf82,Sid81])
view actions as sequences of subactions and essentially model
this knowledge as a context-free rule in an “action grammar”.
The primitive (i.e. non-decomposable) actions in the tramework
are the terminal symbols in the grammar. The observations are
then treated as input to the parser and it attempts to derive a
parse tree to explain the observations. A system based on this
model would suffer from the problem of over-commitment
unless it generates the set of possible explanations (i.e. all possi-
ble parses). While some interesting temporal aspects in com-
bining plans can be handled by using more powerful grammars
such as shutfle grammars, each individual plan can only be
modelled as a sequence of actions. In addition, every step of a
plan must be observed -- there is no capability for partial obser-
vation. It is not ciear how more temporally complex plans
could be modelled, such as those involving simultaneous
actions, or how a single action could be viewed as being part of
multiple plans.

The final approach o be discussed is bused on the concept
of "likely” interence (e.g. [AlI83. Pol84]). [n these systems a set
of rules is used of the torm: "If one obsenes act A, then it may
be that it is part of act B”. Such rules outline a search space of’
acuons that produces plans that include the observations. In
practice. the controt of this search is hidden in a set of heunis-
tics and thus is hard to dehine precisely. It s also difficult 10
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ittach a semanus w such rules as the one above. This rule
Jdoes not mean that if we obsenve A, then at is probable that B
S bemﬁ_ﬁxeculed. or even that it is possible that B is being cxe-
cuted. The rule is valid even in situations where it 1s impossible
tor B to be in execution. ese 1ssucs are deaided enurely by
the heunistics. As such, it is hard 10 make precise claims us 10
the power of this formalism.

In this paper we outline 1 new theory of plan recognition
that is significantly more powertul that these previous
approaches 1n that it can handle many ot the above issues in an
intuitively sausfying way. Furthermore. there are no restnctions
on the temporal refationships between the observations.
Another impornant result 15 that the impiwit assumpuions that
ppear to underly all plan recognition processes ure made expli-
at and precisely defined within a tormal theory of action.
Given these assumptions and a specific body ot knowledge
about the possible actions and plans 1o be considered. this
theory will give us the strongest set of conclusions that can be
made given a set of obsenations. As such. this work lays a irm
hase for future work in plan recognition.

Several problems ofien ussociated with plan recognition
ire not considered in the current approach. however. In partic-
Jiar. beyond some simple simplicity assumptions, the frame-
sork does not distinguish between a prion [ikely and non-likely
clans. Each logicaily Fossxble explanation, given the assump-
wons, is treated equally within the theory. It also can only
recoynize plans that are constructed out of the initial library of
sctions defined for a particular domain. As a result. novel
-ituations that anse from a combination of existing plans may
~e recognized, but other situations that require generalization
:echniques, or reasoning by analogy cannot be recognized.

2. A New View of Plan Recognition

{t is not necessary to abandon logic. or to enter the depths
of probablistic inference. in order to handle the problematic
cases of plan recognition descnbed above. [nstead. we propose
‘hat plan recognition be viewed as ordinary deductive inference.
>ased on a set of observations, an action taxonomy. and one of
More simplicity constraints.

An action taxoromy is an exhaustive description of the
+1ys in which acuons can be performed. and the ways in which
av action can be used as step of a more complex action.
-lecause the taxonomy is complete. one can infer the disjunc-
:.on ot the set of possible plans which contain the observauons,
.nd then reason by cases to reduce this disjunction.

An action taxonomy is obtained by applying two closed-
sorld assumptions 10 an axiomalization of an action hierarchy.
The first assumption states that the known ways of performing
1 action are the only ways of performing that action. [he
ssumption is actually a bit more general. in that i states the
“nown ways of specializtng an action are the only ways. Each
ime an abstract acuon is specialized. more is known about how
"0 pertorm it For example. because the action type “throw™
‘teuializes the action type “transter location”, we can think of
“ATOWINg as a way to transter focation.

e secund assumption states that afl actions are purpose-
{. and that ail the possible reasons for pertorming an action
.12 known.  This assumpuon s realized by staung that 1f an
~lon A occurs. and P s the set of more complex actiuns in
“mich A oceurs as a substep. then seme member of P also
wouls,

These assumptions can be stated using McCarthy's ar-
~msenpuon wheme.  The scuon nierarchy is wranstormed by
St circumsenbing the ways of speaializing an act. and then cr-
- iTiscnbing the ways of using an act. The precise formulauon

' Uuis operation is Jescnbed in section 6 helow,

The simphicity constraints become important when we
"22d (0 recognize a plan which integrates severat vbsenatons.
‘2 top of the action wxonomy contains actions which are
~-ne ror their own <ake, rather than as steps of more complex
~lions, When several actions are observed. it 1s often a youd
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heuristic t0 assume that the observations are all part of the
same top level act rather than each being 4 step of an indepen-
dent top level act. The simplicity constraunt which we will use
asserts that as few top level actions occur Js possible. The sim-
plicity constraint can be represented by a formula of second-
order logic which is simiiar to the circumscription formula. In
any particular case the constraint is instanniated as a first-order
formula which asserts “there are no more than n top level acts”™.
which n is a particular constant choosen to be as small as posst-
ble. and still alfow the instantiated constraint (0 be consistent
with the observations and taxonomy.

While one can imagine many other heuristic rules for
choosing between interpretations of a set of observed actions.
the few given here cover a great many common cases. and seem
to capture the “obvious” inferences one might make. More fine
grained plan recogmtion tasks (such as strategic planning)
wouid probably require some sort of quantitative reasoning.

3. Representing Action

 The scheme just described requires a representation of
action that includes:
--the ability to assert that an action actually occurred at a time:
--a specialization hierarchy:
--a decomposition (substep) hierarchy.

Action instances are individuals which occur in the world.
and are classitied by action types. The example domain is the
world of cooking, which includes a very rich action hierarchy.
as weli as a token bit of block stacking. (See figure 1.) The
broad arrows indicate that one action type is a specialization of
another action type. whereas the thin arrows indicaies the
decomposition of an action into subactions. We will see how to
represent this information in logic presendy. The diagram does
not indicate other conditions and constraints which are also part
of an action decomposition. Instances of action types are also
not shown. We introduce particular instances of actions using
formulas such as

#(E9. makePastaDish)

to mean that E9 is a real action instance of type MakePastaD-

ish. (The symbol # is the “occurs”™ predicate.} The structure ot
a particular action can be specified by a set of role functions.
In particular, the function T applied to an action mstance
retums the intervai of time over which the action instance
occurs. Other roles of an action can Jiso be represented by
tunctions: e.2., Ageni(E9) could be the agent causing the iction.
and ResuliE9) could be the particular meal produced by E9.
(For simplicity we will assume in this paper that all actions are
pertormed by the same agent.) To record the observation ot the
agent making a pasta dish at time 7. one would assert:

3 ¢. #(e.makePastaDish) & T(e)=17

Action types need not all be cunstants. as they are here:
often it is useful to use tunctions o construct types. such as
Move(x.y). For simplicity. all the actions used in the examples
in this paper use only consuant action K pes.

Action specialization is easy to represent in this scheme.
In the cooking world. the act of making 3 pasta dish specializes
the act of preparing a meal. which 1n tum specializes the class
of top level acts. Specializaton  statements are  wimply
universallv-quantified implications. For ¢xample. pant of the
hierarchy in figure 1 is represented by the tollowing axioms:

1] v e. #(e. PrepareMeal) O #(e. TopLevelAct)
(2] V¥ e. #(e. MakePuastaDish) D & (e. PreparcMeal)

{31 v e. #(e. MakeFeuuciniMannara) D
& (e. MakePastaDish)

(4] v e. #(e. MakeFettucini) D #(e. MakeNoodles)
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(5] v e. #&(e. MakeSpaghetti) D #(e. MakeNoodles)

[6] v e. #(e, MakeChickenMannara) O
& (¢. MakeMeatDish)

The first statement. for example. means that any action instance
which is 3 PrepareMeal is also a ToplLevelAct

~ The decomposition hierarchy is represented by implica-
tions which assert necessary (and rﬁerhaps sutficient) conditions
for an action instance to occur. This may include the fact that
some number of subactions occur. and that various tacts hold at
various imes {All84]. These facts include the precondiuons and
effects of the action. as well as various constraints on the tem-
poral relationships of the subactions (Ali83a).

For the level of analysis in the present paper. we do not
need to distinguish the minimal necessary set of conditions for
an action 10 occur. from a larger set which may include facts
which could be deduced from the components of the act.  Itis
also convenient (o ¢liminate some existentially quantified van-
ables by introducing a funcuon $(i.e) which names the i-th
subaction (if anv) of acuon e. (The actual numbers are not
important: any constant symbols can be used.) Fcr example.
the makePastaDish action 15 decomposed as tollows:

{7] wve. #(e MakePastaDish) D
3 tn. 1S(1.e) MakeNoodles) &

=(S(2.e). Bol) &
2(S03.¢). MakeSauce) &
OhjecttS(2.e)) = Result(S{ e &
noldt noodletResult(S(l.en. ) &
overlapt TtS(le)). ) &
Junnz( T(S(2.e). tn)

This states that every mstance of MakePastaDish consists of (at
feast) three steps: muaking noodles. boiling them. and making a
seuce. The result of muking noodles 1s an _ubject which 1s
{naturally) of 1y pe noodle. for some penod of time which fol-
lows on the heels of the making. (Presumably the noodles
cease being noodles atier they are euten.) Furthermore. the
bailing acuon must occur while the novdles are. in fact. noo-
dles. A complete decomposition of MakePastaDish would con-
tain other facts. such that result of the MakeSauce act must be
combined at some point with the noodles. after they are boiled.

_ The constraint that alf the subacuions of an actun occur
during the time of the uction is expressed for all acts by the
axiom:

(8] ie. during(T(S(ieh. Tee)

It is important to note that a decomposable action can still be
further specialized. For example. the action type MakeFettu-
caniMarinara specializes MakePastaDish and adds additional
constraints on the above definition. [n partcular, the type of
noodles made in step 1 must be fettucini, while the sauce made
in step 3 must be mannara sauce.

A final component of the action hierarchy are axioms
which state action-type disjointedness. Such axioms are
expressed with the connective "not and”. written as V:

[9] v e. #(e.MakeFeuuciniAlfredo)
vV #(e.MakeFettuciniMarinara)

This simply says that a particular action cannot be both an
instance of making fetwcini Alfredo und an instance of making
tettucini Marinara. Cisjointedness axioms can be compacuy
represented and used in resolution-based inference using tech-
niques adapted from {Ten36].

Figure 1:

ToplLevelAct
S .
PrepareMeal StackBlocks
/ ; {j:l?.;: -
GoToKitchen ) T '
MakePastaDish MakeMea:Dlsh
/ ‘ y ‘;—\;‘ Lo 4Aj g;;
BOII :f‘ "’6‘, Y N j‘}, a .
it iy \ MakeChicken
MakeNoodles i s.§ ‘z’% MakeSauce Primavera
. {\) . , i)l :‘,_ S t&;
- MakeSpaghetti \\  MakeFettucini | MakeChicken
~ Carbonara 4 Marinara \.‘}z Marinara
3
s l MakeFettuciniAlfredo 1
MakeSpaghetti
.,J,
MakeFettucini MakeMarinara

Action Hierarchy

A-92
R AT Tl R R A Rt N N L LY S L U T D L L K RS
: ;:: :'\‘J:)?/:'t':} 'f,:..'.'/.'.‘"):J:J:f::f_'/:fz.‘.-ﬁ. I'\::"'::::C*'*;:pﬁ: ‘.((:,, ) _.“5\' A : ._,..:‘::\.
N » i '» e 't S . ooy : --...
WA B T Y N TR o N A YA I"';"(,'. AN

b
‘5,
21
i
N
5

s

r t'.:’
<
l'..-‘
P

T -"-'" ‘l
LAY
Z
2
- %
g)

ey
v
:
By
.
nl
(] ;.r
o .
- 4

¥ e v
PR A



W VA W S U AN OO R NNV

4. Creating the Taxonomy
The assumptions necessary for plan recognition can now

be specified more precisely by considering the full action
hierarchy presented in figure 1. Let KBI be the set of axicms
schemadcally represented by the graph. including the axioms
mentioned above. KBl will be transformed into a taxonomy by
applying the completeness assumptions discussed above. The
result of the first assumption (all ways of specializing an action
are known) is the database KB2. which includes all of KBL.
together with statements which assert specialization complete-
ness. These inciude the following, where the symbol @ is the
connective “exclusive or”.
{10] ve. #(e TopLevelac) D

# (e. PrepareMeal) ®

# (e. StackBlocks)

#(e. PrepareMeal) D
#(e. MakePastaDish) @
#(e. MakeMeatDish)

(1i] ve.

[12] v e. #(e MakePastaDish) D
# (e. MakeFettucimiMannara) @
# (e, MakeFettuciniAifredo) @

& (e. MakeSpaehetiCarbonarai

#(e. MakeMeatDish) D
#&(e. MakeChickenMannara) @
#(e. MakeChickenPrimavera)

{13) ve.

{14] v e. #(e. MakeNoodles) D
#(e. MakeFettucini) @
#(e. MakeSpaghetti)

These state that every top level action is either a case of
preparing a meal. or of stacking blocks: that every meal
preparation is either a case ot making a pasta dish or making a
meat dish; and so on. all the way down [0 particular. basic
types of meais. Not all actions. of course, are specializations of
TopLevelAct For example, axiom [14] states that every Mak-
eNoodles can be further classified as a MakeFettucini or as a
MakeSpaghetti, but it is not the case that any MakeNoodles can
Ye classified as a TopLevelAct

The second assumption asserts that the given decomposi-
tions are the only decompositions. KB2 is transformed to the
final taxonomy KB3. which includes all of KB2, as well as:

[15] ¥ e. #(e, MakeNoodles) D
3 a. #(a. MakePastaDish) & ¢ = S(l.a)

(16] v e. #(e. MakeMarinara) D '
3 a.[#(a. MakeFettuciniMannara) & e = S(3.a)1| \%
#(a, MakeChickenMarinara) & ¢ = S(3.2)

[17] ve. #(e MakeFeuucini) D
3 a. [#(a, MakeFettuciniMarinara) & e = S(1.2)] vV
#(a, MakeFettuciniAlfredo) & e = S(l.a){

Axiom {15] states that whenever an instance of MakeNoodles
occurs, then it must be the case that some instance of MakePas-
taDish occurs. Furthermore. the MakeNoodles act which is
required as a substep of the MakePastaDish is in fact the given
instance of MakeNoodles. Cases like this. where an action can
only be used in one possible super-action, usually occur at a
high level of action abstraction. It is more common for many
uses for an action 0 occur in the taxonomy. The given hierar-
chy has two distinct uses for the action MakeMarinara, and this
is captured in axiom [16]. From the fact that the agent is mak-
ing Marinara sauce, one is justified in concluding that an action
instance will occur which is euther of type MakeFetucimMari-
nara or of type MakeChickenMarinara.

Aill these transformations can easily be performed
automatically given an action taxonomy of the form descnbed
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in the previous section.. The formal basis for these transtorma-
tions 15 descnbed in section 6.

5. Recognition Examples

We are now ready 1o work through some examples of plan
recognition using the cooking taxonomy. In the steps that tol-
low, existentiallv-quantified vanables will be replaced by tresh
constants, Constants introduced for observed action instances
begin with E. and those for deduced action instances heing #ith
K. Simple cases typical of standard plan recognition are casily
accounted for. [n this section, we shall consider an extended
example demonstrating some more problematic cases.

Let the first observation be disjunctive; the agent is
observed to be either making fettucini or making spaghettr. but
we cannot tell which. This s sull enough information to make
predictions about future actions. The observation is:

(18] #(El. MakeFettucini} v #(El. ViakeSpaghettr)
The abstraction axioms iet us infer up the hierarchy:-
[19] #(El, MakeNoodles) abstraction axioms [4]. {5)

{20] #(KOl, MakePastaDish)  decomposition axiom [15].

and e+ :tential instantiation
{21] #(KOl. PrepareMeal)

{22] #(KO1. TopLevelAct) abstraction axiom {1}

Statement (20] together with {7] {ets us make a prediction about
the future: a Boil will occur:

23] #(S(2.KO01), boil) &
Object$(2.K01)) = Resul(El) &
arter(T(S(2.K01)).T(EL))

Thus even though the particular plan the agent is performing
cannot be exactly identified. specific predictions about future
activities can stll be made.

The previous step showed how one could reason from a
disjunctive observation up the abstraction hierarchy o a non-
disjunctive conclusion. With the next observation, we see that
Eo'mg up the decomposition hierarchy frdm a non-disjunctive

ierarchy can lead to a disjunctive conclusion. Suppose the
next observation is:

{24) #(E3, MakeMarinars)

Applying axiom {16], which was created by the second com-
pleteness assumpton, leads to the conclusion:

(25) #2K02. MakeFettuciniMarinara) v
# (K02, MakeChickenMarinara)

The abstraction hierarchy can again be used to collapse this dis-
junction:

[26] #(K02, MakePastaDish) V #(K02, MakeMeatDish)

(27) #(KO02. PrepareMeal)

(28] #(K02, TopLevelAct)

At this point the simplicity constraint comes into play. The
strongest form of the constraint. that there is only one top level
action in progress, is tried first:

[29] v ele2. #(el. TopLevelAch) &
#(e2. TopLevclAc) D el =e2

Together with {22] and (28]. this implies:
{20] Kol =KO02

Substitution of equals yields:

131]  #(K02. MakePustaDish)

One of the disjointedness avioms from the onginal action
hierarchy is:

abstraction axiom (2]
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{3] ¥ e. #(e. MakePastaDish)r T 2(e. MakeMeadsh)
Statements (30]. [31}. and {6] let u~ deduce
133] = #&(K02. MakeMenDrhi

[34) = #(K02. MakeChickenNMuannara)

Finally. [34] and [2] let us conclude that only one plan. which
contains both cbsenations. 1S OCCUrnng:

[35] #(K02. MakeFetuciniMannara)

Temporal constraints did not play a role in these exam-
ples. as they do in more complicated cases For example.
obsenations need not be received in the order in which the
obsened -events occurred. or actions might be observed in an
order where the violation of tempural constraints can allow the
system to reject hypotheses. For ¢vample. if a Boil act at an
unknown time were input. the system would assume that it was
the boil act of the (already deduced) MakePastaDish act. If the
Boil were constrained to occur before the iniual MakeNoodles.
then the suong simplicity constraint (and all deductions based
upon it) would have o withdrawn. and two distinct top level
actions postulated

Different top level actions (or any actions. in fact) can
share subactions. if such shanng is permitted by the panicular
domain axioms. For example, suppose every PrepareMeal
action begins with GowKitchen. and the agent s constrained to
remain in the kitchen for the duration of the act If the agent 1s
obsened performing two different instances of PrepareMeal.
and is further observed (0 remain in the kitchen for an inierval
which intersects the time of both actions. then we can Jeduce
that both PrepareMeal actions share the same initial step. This
erampie shows the imponance of including obsenations that
cerain states hold over an intenal. Without the fact that the
agent remained in the kitchen. one could not conclude that the
two PrepareMeal actions share a step. since it would be possible
that the agent lefi the kitchen and then retumed.

6. Closing the Action Hierarchy .

Our formulation of plan recognition is based on an ex li-
citly asserung that the action hierarchy (also commonly called
the “"plan library™) is complete. While the transformation of
the hierarchy into a taxonomy can be automated. some details
of the process are not obvious. |t 15 not correct to simply apply
predicate completion, in the style of {Cia78). For example.
even 1 action A is the only act which is stated to contain act B
a8 a substep. 1t may not be correct 1o add the statement

ve #(eB)D el #(elA)

if there is some act C which either spectalizes or genctalizes 8,
and 1§ used 10 4n action other than A kFor evauple. in our
action hierarchy. the only explicit mention of MakcSauce
appears.in the decomposition ot MakePastalish. But the tay-
onomy should notr contain the stitement

¥ e. #(e MakeSuuce) =
3 a. #(a. MahcPastiDish) & ¢ =S(3.a)

because a paruicular instance of MakeSauce may also be an
insance of MakeMarinara. and occut in the decomposttion of
the actuon MakeChickenMarinara. Only the weaker statement

v e. #(¢c. MakeSauce) D
3 2. (#(a MakePavaDish) & e=5(3.a)] V
[# (2. MakeChichenMannara) & €= S(3.a)}

is justified. It would be correct. however. to infer from an
obsernation of MakeSauce which is known nor 10 be an
instance of MakeMannara that MakePastaDish occurs.

We would like. therefore. a clear understanding of the
semantics of closing the hierarchy. McCarthy’s nouton of

minimal entaiiment and circumscnption [McC85] provides 3 far but more powertul than. the Circumscripuon operator.
semantic and proof-theoretic model of the process. Fhe imple- ut more pow p P
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mentation descnbed in section 7 can be viewed as an efficient
means for performing the sanctioned inferences

There is not space here to fully explain how and why the
circumscniption works. more details appear in [KauB5). A fami-
lianty with the technical vocabulary ofpcnrcumscnpxnon 1s prob-
ably needed to make complcte sense of the rest of this section
Roughly. circumscnbing a predicate minimizes its extension.
Predicates whose extensions are allowed to change dunne the
minimization are said to vary. All other predicates are are
called parameters w0 the circumscription. In anthropomorphic
terms. the circumscribed predicate is trying (o shnnk. b L is
constrained by the parameters. who can choose 10 take on any
values allowed by the original axiomatizauon For example.
circumscribing the predicate p in the theory:

v x.p{x) = q(x)

where g acts as a parameter does morhing. because g can
“force™ the extension of p to be arbitranly large. On the other
hand. if q waries dunng the circumscnption. then the cir-
cumscribed theory entails that the extension of p is empty.

As demonstrated above. the first assumption states that the
known ways of speciaiizing an action are all the wavs. Let us Pt Y
cail all action types which are not further specialized basic. ". l'n: ‘t:;
Then another way of putuing the assumption 1s (O sav that the Nl
“occurs” predicate. #. holds of an instance and an abstract
action type only if it Aas 10, because # holds of that instance
and a basic acuon type which specializes the abstract type. So
what we want is o circumscribe that part of & which applies 0
non-basic action mas _This can be done by adding a predicate
which is true of all basic action instances. and to let this predi-
cate act as a parameter dunng the circumscription of #. In our
example domain, the following two statements. which we will
call ¥, define such a predicate.

Letw = { v v basic(\) =
1= MakeFettuciniMarinara v
v=Boil v ...

!
»

e

»
{

Y ex. ghasiclen) = F(en) & basic(y) }

KBl is the set of avioms which muke up the onginal action
hierarchy. KB2 is then detined 1o be the vircumscnption of #
relative 10 KBl together with v, where all uther predicates
(inciuding # basic) act as paramelers.

KB2 = Circumscnbe(KBl U ¥. #)

Interestingly. the process works even if there are many levels of
abstraction hierarchy ahove the level of hasic actions. Note that
basic actions (such as Makek ettuciniMannara) may be decom-
posable. even though they arc not further specialized.

The second assumption sustes that any non-lop-level action
occurs only as part of the decomposition of some top-level
action. Therefore we want (o circumscnbe that pant of #
which applies 1o non-top-level actions. This can be done by
adding a predicate to KB2 which is true of all top-level action
instances. and circumscnbing # again. The predicate # basic
added above must be allowed to vary in the circumscription.

Let® = { v c. #oplevele) D #(e.TopLevelAct) }

KB3 = Circumscribe(KB2 U &, #. # basic)

As before. the process can percolate though many levels of the
action decomposition hierarchy. Note that the concepts basic
action and top-level action are not antonyms: for example. the
type MakeFetwciniMarinara is basic (not specializable), yet any
instance of it is also an instance of TopLevelAct

Circumscription cannot be used to express the simplicity
constraint  Instead. one must minimize the cardinality of the
extension of #, after the ohservations arc recorded.  [Kau85]
descnbes the cardinality-minimizauon operator. which is simi-
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7. Implementation Considerations

The forma! theory described here has given a precise
semantics 10 the plan recognition reasoning process by specify-
ing a set of axioms from which all desired conclusions may be
derived deductively.  Although no universally-applicable
methods are known for automating circumscription. by placing
reasonable restrictions on the form of the action hicrarchy
avioms, we can devise a special-purpose algonthm for comput:
ing the circumscriptions. As a result. in theory we could simply
run a general purpose theorem prover given the resulting
axioms (0 prove any particular (valid) conclusion. In practice,
since we often don’t have a speafic question to ask beyond
"what is the agent's goal?" or "what will happen next?”, it is
considerably more useful to design a specialized forward chain-
ing reasoning process that essentially embodies a particular
inference strategy over these axioms.

We are in the process of constructing such a specialized
reasoner. The algonthm divides into two components: the
preprocessing stage and the forward-chaining stage. The
preprocessing stage is done once for any given domain. The
two completeness assumptions from in the nre.ious section are
realized by circumscribing the action hierarchy. The resuit of
the circumscription can be viewed as an enomously long logi-
cal formula. but is quite compactly represented by a graph
structure.

The forward-chaining stage begins when obsenations are
received. This stage incorporates the wssumption that as few
1op-level acts as possible are occurnng. As each obsenauion is
received. the sysiem chains up both the abstraction and decom-
position hierarchies. until a tp-level action iy reached. The
intermediate steps may include many disjunctive statements.
The action hierarchy is used us a controi graph to direct and
limit this disjunctive reasoning. After more than une observa-
tion arrives, the system wili have derived two or more (evisten-
tially instantiated) constants which refer to top-level actions.
The simplicity assumption is applied. by adding a suatement
that some subsets of these constants must be equal. Exclusive-
or reasoning now prc;paga(es down the hierarchy. deriving a
more restrictive set of assertions about the top-level acts and
their subacts. If an inconsistency is detected. then the number
of top-level acts is incremented. and the system backtracks to
the point at which the simplicity assumption was applied.

This description of the implementation is admittedly
sketchy. Many more deils. inciuding how the temporal con-
straint propagation sysiem 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.

The theoretical work includes a formal specification of the
form of the ation 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-sharing and observations received out of temporal order
(e.g. mystery stories). It will probably be necessary to develop
asl ighd“ more sophisticated simplicity constraint. Rather than
stating that as few top-level actions occur as possible. it is more
realistic o state that as few top-level actions as possible are
occurring at any one time. In addition. observations of non-
occurrences of events (e.t;, the agent did nor boil water) are an
imponant source of information in plan recogniion. Non-
occurrences integrate nicely nto our framework.

Many of the subsystems thal are used by the plan recog-
nizer (such as a temporal reasoner [All83a]. and a lisp-based
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theorem Jujover which handles equality [AllB4a]) have been
developed in previous work at Rochester, and construcuon of
the complete implementation is under way.
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Appendix A-5

i e

! A Formal Logic of Plans in Temporally Rlch

Domains
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RICHARD PELAVIN AND JAMES F. ALLEN

o

ded with two modali-
lly rich do-

This paper outlines 2 P 'Iogu:
ties that can be used to support p g in p
mains. In particular, the logic can
ments that have assertions about future powb:hnes in addition to
the present state, and plans that contain concument actions. The
log:c is particularly expressive in the ways that concurrent actions
can interact with each other and allows s:tuations where either one
of the actsons caa be esecuted, but both cannot, as well as situa-
tions where neither action can be executed alone, but they can be
done together. Two modalities are duced and given a formal
; s: INEV exp simple poral possibinty, and IFT-
N RIED exp [. riactuaiike about actions.

- e e . .

o oy

K I. InTRODUCTION

This paper presents a formal logic that provides a foun-

o dation for a theory of plans in temporally rich domains. Such

domains may include actions that 1ake time, concurrent ac-

tions, and the simultaneous occurrence of many actions at

once. This also includes domains with externai events, i.e.,

actions by other agents and natural forces, that the planner

{|' may need to interact with in order to prevent some event,

], insure the successful completion of some event, or to pers-
1 , form some action enabled by the event.

:" \n general, a planning problem can be specified by giving

b * adescription of desired future conditions (the goal), a par-

£ tial description of the scenario in which the goal is to be

achieved (which we will cail the planning environment), and

" for each action that the planning agent can execute, a spec-

b ification of its effects and the conditions under which it can

be executed (which we will call the action specifications). The

) planner must find a collection of temporaily related actions

!' (the plan) that can be executed and if executed would

achoeve the goal in any scenario described by the planning

t.For ple, consider agoal togotothe bank

i) belore it clom at 3:00 without getting wet even though it

is going to rain. The planning environment might be the

following: at 2:30, the time of planning, the agentis athome,

. an umbrella is in the house, it will start to rain before 3:00,

o and the agent will get wet if itis outside without an umbrella

L
v Manuscript received May 1, 1985; revised April 1, 1986. This re-
search was supported in part by the Rome Air Development Center
under Grant SU 353-9023-6 and in part by the National Science
) Foundation under Grant DCR-8502481.
. The authors are with the Department of Computer Science, The
University of Rochester, Rochester, NY 14627, USA.
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while it is raining. The actions that the agent can perform
might include “walking from home to the bank’ which
takes 10 min and ‘"taking an umbreila” which can be done
as long as, prior to execution, there is an umbrelia at the
same location as the agent.

Our formal language must be able to express sentences
describing the planning enavironment, the goal, and the ac-
tion specifications. We will see that this logic diverges from
traditional approaches because we are considering plan-
ning problems where the worid may be atiected by events
other than the agent’s actions. Such a logic must allow us
to represent statements about external events that will oc-
cur during plan execution and statements describing the
interaction between a plan and the external world in which
it is being enscuted. In addition, we are considering plans
with concurrent actions and, therefore, our logic must be
able to represent concurrent actions and their interactions,
such as resource conilicts. By treating concurrency, we wil(
be able to reason about a robot agent that has multiple ef-
fector devices that can be operating simultaneously. Fur-
thermore, we can treat plans to be jointiv executed by a
group of cooperating agents that are simultaneously per-
forming their own part of the pian.

Situation Calculus and the State-Based Planning Paradigm

© One of the most successful approaches to representing
events and their effects in Artificial intelligence has been
situation calculus {12). in this logic an event is represented
by a function that takes a si Y, 8., an i s
snapshot of the worlid, and returns the situation that would
result from applying the event to its argument. Events can
be combinedto form q es. The resuit function for the
sequence e,; €; « * ; e, is recursively defined as the result
of executing €;; - - - ; e, in the situation that results from
applying e, to the lmml situation.

Situation calculus has given rise to the state-based plan-
ning paradigm which has the following form: Given a set
of sentences describing conditions that are initially true and
aset of sentences describing goal conditions to be achieved,
2 sequence of actions must be found that when applied to
any situation where the initial conditions hold yields a sit-
vation where the goal conditions hold. This approach is lim-
ited since the description of the planning environment con-
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sists only of statements about the initial situation, i.e., the
situation that holds just prior to plan execution. As a resuit,
this framework is adequate only for planning problems
where all changes in the world result from the planning
agent’'s actions. Conditions t:.at are true in the initial sit-
uation will remain true until the agent performs an action
that negates it, and thus the future is uniquely determined
by the initial situation and the sequence of actions per-
formed starting from this situation.

This simple type of planning environment is not suitable
for planning problems where the worid may be affected by
external events, as well as by the planning agent’s actions.
Examples of conditions that we want to handle that cannot
be rep d in the simple state-based model include:

* The bank is going to open at 9:00 and will close at 3:00.

It will possibly start raining any time between 3:00 and

4:00.

* If the agent is outside without an umbrella while it is
raining, the agent will get wet.

* Itis possible thatthe can of paint sitting in the doorway
will be knocked over if the agent does nothing about
it

The type of goals considered in state-based planning are
also very limited. Goals are just conditions that must hold
at the compietion of plan execution. In this research, goals
may be any temporally qualified propositions describing
conditions in the future of planning time. Thus goals might
invol ding some condition while performing some
task, preventing an undesirable condition that possibly will
happen, or the achievement of a coliection of goais to be
done in some specified order. Examples of these types of
goals are:

* Donotdamage thetape heads while repairing the tape
deck.

* Preventing Tom from entering the room.

+ Get to the gas station on the way to driving to schoot
(ordered goals).

our logic must represent the interactions between con-
current actions, some examples being:

* There is only one burner working and only one pan
can be placed on it at one time. Thus only one dish can
be cooked at a time.

* The agent can always carry one grocery bag to the car,
but can only carry two when it is not icy out.

* The agent can move forward at any time, move back-
ward at anytime, but cannot do both simultaneously.

Automated Planning Systems

Most domain-independent planners are essentially state-
based planners, or limited extensions of the state-based ap-
proach. All these systems model actions as functions that
transform one instantaneous state into another, The ances-
tor of all these systems is the STRIPS planner {6).

The type of planing problems handled by STRIPS is ex-
actly what we have described as the state-based planning
paradigm. The major contribution made by STRIPS is the
so catled “STRIPS assumption” to handie the frame prob-
lem, thatis, the probiem of representing that an action only
effects a small part of the world. Thus if situation s, is the
result of applying action a, in situation s,, then sq and s, will
be very much alike. In STRIPS, an action is defined as or-
dered triplet consisting of a precondition list, add list, and
delete list, each member of these lists being atomic for-
mulas. An action may be applied in any state s where all its
preconditions hold yielding a new state that is computed
from s, by adding only the formulas on the add list, and
deleting all the formulas on the delete list. Implicit in this
treatment is that any formula that is not explicitly assented
in a state is taken to be untrue. This allows one to avoid
explicitly specifying negated atomic formulas.

Also in this class are the nonlinear hierarchical planners

descending from NOAH {16]; the fact that they are nonlin. _

ear and hierarchical does not make them any more ex-
pressive than STRIPS since these terms refer 0 the control

More precisely, goals are temporally qualified propositions
that partition the set of possible futures into the set of pos-
sible futures where the goal hoids versus the set of possible
futures where the goa! does not hold. This rules out goals
such as “finding the best way to achieve . . .” which pre-
supposes some utility measure or precedence ordering re-
lating the possibie futures. Our notion of goals are just black
and white. Either a future is good, i.e., the goal holds in it,
or it is bad, i.e., the goal does not hold in it.

Finally, in the state-based approach, the type of plans that
can be handied are limited to sequences of actions to be
executed in the initial situation. Therefore, plans contain-
ing concurrent actions and plans that have an execution
time that starts later than the initial situation are not treated.
These restrictions come about because it is impossible to

gY. rather than the representation of plans. While one
might argue that the notion of a procedural network gives
us added representational power since it embodies a no-
tion of hierarchical plans that are partially ordered, formally
they are just descriptions of the set of linear sequences
formed by atomic actions that can be decomposed from the
hierarchical descriptions and meet the partial ordering.
There have beena ber of d in-ind dent plan-

ning systems that have handled a larger class of planning
problems than STRIPS. Wilkins® SIPE {20] and Vere’s DE-
VISER [19] are two of the most sophisticated types. SIPE can
handle plans with concurrent actions. The collection of ac-
tions making up a plan are only partially ordered. Any two
actions where one is not ordered before the other are con-

represent concurrent actions in situation calculus. Sec-
ondly, in situation calculus planning problems, there is no
need 1o treat plans with execution times that will start later
than the initial situation. Since in this paradigm all changes
in the world are due to the planning agent, it makes no dif-
ference as to whether a plan is i diately executed or
whether it is executed at a later time; the world will not
change until the plan is started.

Since we will be handling plans with concurrent actions,
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idered to be in parallel branches. Wilkins introduced the
notion of resources to reason about the interaction of par-
allel actions. A resnurce is defined as an object that an ac-
tion uses duning its execution. If two actions share the same
resource, they cannot be executed in parallel. Thus order-
ing constraints are imposed (if possible) to insure that any
two actions that share a resource are not in paraliel
branches.
Wilkins points out that although resources used in his
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- IA' 4 ..'
putational power as resources. They also cannot be used serting that two actions occur over intervais that overlap in fb‘.'a;‘t.l LN
to encode actions that conditionally interact, such as the time. .’1 0‘9' .'l,
) exampie we posed earlier where the agent can carry two McOermott also equates an event with the setof intervals 3 .QQ"
bags only if it is not icy out. overwhich the event is occurring, but his notion of intervals ) e
) Vere's DEVISER system can represent a planning envi- is slightly different. While Allen’s logic can only express DN
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- wogrwys
numbers, zero being the time of planning and positive real sible futures realizable from a particular worid-state (an in- a2 7
numbers being future times. The system can represent that stantaneous snapshot of the world). A worid model consists N
an event not under the control of the planning agent will of a collection of world-states and a “future relation’ that i
occur starting at some specified time and ending at another arranges the world-states into a treedike structure that
{ time. One can specify that some goal condition must hold branches into the future. Each branch, which McDermott
/ bet two time points. Vere calls the time points in which calls a chronicle, repr a possible compiete history of
agoal is to be achieved the goal’s (time) window. A goal can the world extending infinitely in time. A global time line is
be the conjunction of two or more conditions to be achieved associated with the real number line and each world-state
, 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-
e Vere’s treatment of time is in terms of an absolute scale poral intervals in the giobal time line. Specifying that an
[} and does not provide a general representation allowing rei- event occurs over a temporal interval does not tell which
. ative temporal orderings. For example, it does not handle chronicles it occurs in. Instead, intervals are associated with
D goals such a.: getto the gas station before getting to school. totally ordered convex sets of worid-states (with respect to
A 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 a; in a pian uous blocks of world-states that lie along some chronicle.
f being constructed must be nonoverlapping, one of the ac- Both logics can be used to describe the outside world,
4 tions must be constrained to end before the other begins. but without extension neither can 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 a,, 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 bad 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
[ events is also limited. One cannot represent that some ex- logic, extended with a madality to express what the agent
. ternal event will start any time between 2:00 and 2:15, 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 calied a plan
Both Vere’s system and Wilkins’ system can be viewed instance that refers to an action at a particular time done N SEATA
as ad hoc extensions to the simple state-space planning par- in a particular way. These objects are discussed in the next :l‘|"‘|‘i.l U \t
X adigm, They use a conception of actions that arises directly section. Following this we give a brief description of Allen’s . '.l'l. s‘p:l‘g
3 from situation calculus; namely, that actions transform one logic and show why it must be extended with these two mo- ‘ﬁ,’g&,\\.‘.‘
s state into another. This is manifested in that both systems dalities. We first extend Alien’s logic with the inevitability '.l"'Q'icQ".Q
i specify actions by giving what is essentially precondition- operator arriving at a logic that is similar to McDermott’'s IS "4‘1.3&
I add-delete lists and using a STRIPS-like assumption to han- {13} and Haas’s [9] and show why this is insufficient to rep- \. !".l'.‘i
* die the frame problem. It will be argued that the STRIPS resent what can and cannot be done. We then introduce ! 28 L
assumption is inappropriate for any planning system that amodality called IFTRIED that represents what can and can- )
8 treats esither external events or plans with concurrent ac- not be done. IFTRIED expresses counterfactualdike state-
3 tions. By explicitly designing a logic that represents con- ments of the form "if the agent were 1o attempt to execute
3 current events, we have arrived at a conceptually different plan instance pi then P would be true. Examples are pre-
5 way of looking at the frame problem and specifying trame sented illustrating how different types of goals may be rep-
) . assumptions. This will be described later after the logic is f d. This is foll d by a section that describes the
o introduced. . conditions under which two plan instances, concurrent or
. not, can be jointly executed and how plan instance inter-
] . i actions, such as resource conflicts, may be represented. We
An Overview of the Approach then present a simple planning ple which leads into t !
Recently, Allen (3] and McDermott {13] have presented a discussion on how the frame problem manifests itself in TR
Y logics of events and time where events are not simply our logic. Finally, we give the semantic model and inter- L Jr_'.' A ]
P, treated as functions from state to state. In both these treat- pretation for our two modalities. it 2
R ments, a global notion of time is developed that is inde- The following ional ¢ ions will be used ':.,-).‘\ W
. pendent of the agent’s actions. in Allen’s fogic, there are throughout the rest of the paper. Sentences and terms in -.\'f:u_ ]
\ objects that denote temporal intervals which are chunks of our formal language, whichisaq ified modal languag S ‘-.‘k. LS,
time in a global time line. An Event is equated with the set will be given in LISP-type notation. For example, the for- .',\:,‘\. N "y
- of temporal 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 2 notion of what is hap- Al variable terms will be prefixed with a “1.”” We will as- ) ..
‘ pening while an event is occurting. Secondly, there may be sume that all free variables in a statement are implicitly RIS Ny
'} 2 number of events that are occurring over the same in- bound by a universal quantifier. The logical connectives .\‘-'_‘-‘_‘a&-‘
U LY 5"15.
| ,-\.;s.ﬁ-\:’:\- !:
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will be specified by: AND for conjunction, OR for con-

MNN U WS WS WO WU RN I Gt e ® .0 v

of execution. If this were 30, a plan instance that was the

junction, JF for material implication, IFF for equivalence, v

composition of two d t plan i es with overlap-

for the universal quantifier, and 1 for the existential quan-
tifier The formula (= 1, 1;) will be used to mean that ¢, and
t; denote the same object and (s ¢, £;) will be used to mean
that ¢ and ¢, denote distinct objects. When we discuss the
semantics for this logic in Section V, the functions and re-
lations in 1he semantic model will be given in the conven-
tional notation in logic (e.g., “f(x),” “R(a, b),"” etc.).

11, PRELIMINARIES
Plan Instances

In our theory we introduce objects called plan instances
that refer to an action at a particular execution time done
in & particular way. A plan instance’s execution time is a
temporal interval specifying the time over which the plan
instance would occur if executed, not just atime point spec-
ifying the time that execution would begin. If we wanted
to formaily introduce plans, they would be functions from
intervals to plan instances.

fn sitvation calculus, one could get away with being
vague as to whether an action refers to a behavior done in
a particular way or whether it refers 1o a whale class of be-
haviors. This is because there is no notion of what is hap-
pening during the time of execution: as long as two par-
ticular behaviors have the same preconditions and effects
they are indistinguishabtle in situation calculus. In a2 more
general model, however, this distinction becomes con-
spicuous since one can represent what is happening while
a plan instance is being executed. Consider a simple scen-
ario where there are two paths of equal length going from
location A to location 8. Let us refer to these paths as P, and
Py When taiking about the effects of “go from A to 8 during
interval /”” one must be clear as to whether it refers to a
particular way of going from A to 8 during / (i.e., whether
it refers to going down path P, or going down path P;), or
whether it refers 10 taking either path during /. If it refers
to a particular behavior, one can simply talk about its ef-
fects. If on the other hand, “go from A to 8 during /"'refers
to a class of behaviors, one must distinguish between say-
ing ““no matter how it is done, EFF will be true” and saying
“there is a way that it is done such that EFF is true.” In this
example, it is correct to say that there is a way for an agent
to do ‘go from A to B during /** such that this agent is on
path P, during /, but incorrect to say that no matter how an
agent does ““go from A to B during ,” this agent is on path
P, during /. Plan instances are defined as “particular ways
of doing something” since this is more primitive; later on,
plan types referring to “classes of behaviors”” can be in-
troduced, defined in terms of plan instances.

Any two plan instances can be composed together to form
a more complex plan i e. A composite plan i e

ping times could never occur under any circumstances. For
example, consider the plan instances ““the agent is grasping
object1 in its right hand during interval /' and ““the agent
is grasping object2 in its left hand during interval 1. If plan
instances are taken to be complete specifications then we
could equivalently describe these plan instances as “during
interval J, the only action the agent performs is grasping
object? in its right hand”" and “‘during interval /, the only
action the agent performs is grasping object2 in its left
hand.” Clearly, these two plan instances could never occur
together and therefore their composition could never oc-
cur.

The STRIPS Assumption

Implicitin the STRIPS assumption is that actions are com-
plete specifications of the agent’s behavior over their time
of execution (Ceorgeff [8) makes a similar point). This leads
to probiems in planning problems with concurrent actions
and external events. We can paraphrase the STRIPS as-
sumption as saying: if condition C holds at a time just prior
10 action a,’s execution, and a,’s effects do not negate C,
then C will be true at a time immediately following a,'s ex-
ecution. This presents a problem if we have two concurrent
actions and we apply the STRIPS assumption to them sep-
arately. Suppose at a particular time &, P, is true, Consider
two actions, a, and a,, having the same duration and both
having the preconditions that P, is true. Let the effects of
a,bethat P, is negated and the effects of 3, be that £, is made
true. Using the STRIPS assumption to compute the effects
of executing a, starting at 4, we get that P, is negated at a
time immediately following a,'s execution which we will
call time ¢,. Similarly, using the STRIPS assumption to com-
putethe effects of executing 2, starting at t, we get that both
P, and P, are true at f,, the time immediately following a,'s
execution. This, of course, is a contradiction, P, and its ne-
gation cannot both hold at the same time (i.e., at f).

Problems also arise if the STRIPS assumption is applied
in aplanning environment where there are external events,
for example, suppose that at time & it is asserted that it is
raining outside. Consider action a, that can be applied at
time ¢, and if it is executed will complete at time &,. If we
assume that it is out of the agent’s control as to whether or
not it is raining, the effects of a, will not negate the con-
dition “it is raining.” Thus by the STRIPS assumption, if a,
is executed starting at time ¢, the result is that it is raining
out at time . This is unacceptable since, independent of
the agent’s actions, it might stop raining sometime before
4.

Automated planning systems that use the STRIPS as-

occurs iff both its component parts occur. By composing
plan instances, plan instances containing concurrent ac-
tions can be formed, as well as plian instances that are es-
sentially sequences of actions, and plan instances that con-
tain two components with gaps separating their execution
times. In particular, plan instances that have concurrent
actions can be formed by composing two plan instances
that have execution times that overlap in time.

It is important to point out that a plan instance is hot a
complete specification of the agent’s behavior over its time

p avoid the above problems by restricting the type
of planning probiems that can be handled. Ciearly, the
““concurrent action problem’’ does not arise if plans are lin-
ear sequences of actions. if plans are treated as sets of par-
tially ordered actions, the concurrent action problem can
be avoided by making the that the plan will be
linearized before execution. Wilkins’ system (20] does not
make this assumption; if two actions are not ordered then
itis possible that they will be executed in parailel. He, there-
fore, had to introduce the ““resource mechanism’ to handle
conflicts between concurrent actions. As previously men-
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ioned, this mechanism only handles interactions of the
form: action a, and action a, share the same resource. There
is no general notion of parailel action interactions.

Clearly, the “external event problem’ does not arise if
we are planning in a world where all changes are caused
by the planning agent. On the other hand, in 2 system such
as Vere's (19] that rep external , one must be
careful in specifying the planning environment. Al external
events that affect the value of any external property (i.e., a
condition out of the agent’s control) that is specified in the
initial situation must also be inciuded in the planning en-

i description. For ple, if it is asserted that
“the bank is open’ holds in the initial situation, it is nec-
essary to include the external event that negates this prop-
erty at the time when the bank is closing. If this is not done,
we would get the spurious result that the precondition that
the bank is open is always satisfied.

To trace the root of the problem with the STRIPS as-
sumption, let us look at a state-based representation, such
as situation calculus, for which the STRIPS assumption was
originally intended. Implicit in any state-based represen-
tation is that each action is a complete specification of what
goes on from one situation to the next. One could re-in-
terpret s, = RESULT (ay, so) (i.e., 5, is the result of applying
action a, in sy) as saying that the result of doing only &, in
o resuits in situation s,. The fact that most things do not
change in going from sy to s, is not really due to the fact that
a, is done, but instead to the fact that all actions other than
a,are not done. Most things stay the same because of these
nonoccurrences. That is, given any property p holding in
situation s, there is a set of actions {a,,, * * * , 2, } (possibly
empty) that make this property false upon execution in sit-
uation s,. If 2, does not belong to this set then p will also
hold in the situation RESULT (2,, so) due to the fact that none
of the actions in {a,,, * - * , 3, ) are executed.

Thus the problem seems to be that the conciusion made
by the STRIPS assumption is attributed to the execution of
the action, not to the nonoccurrence of any action that can
negate p. In effect, the STRIPS assumption is hiding the real
reason why a property remains true from situation to sit-
uation. We will explicitly treat plan instances that refer to
nonoccurrences and do not have to resort to a STRIPS as-
sumption. Inalater section, we discuss how the frame prob-
lem manifests in our logic and show the use of treating non-
occurrences. Georgeff (8] also presents an approach for
handling the frame problem without appealing to the
STRIPS assumption. His approach is similar to ours only in
the fact that he also treats actions as partial specifications
over their time of occurrence (although he does not de-
scribe it in these words).

Temporal Intervals, Properties, and Event Instances

The staiting point for our logic is the treatment of action
and time described in [3). This logic is cast as a sorted first-
order logic with terms d ing temporal intervals, ,
properties (static conditions that hold or do not hold over
intervals), and objects in the domain. We wilt slightly mod-
ify this theory by considering other event instances which
refer to an event at a particular time. Thus we start with a
sorted first-order language with terms denoting temporal
intervals, event instances, plan instances (which also be-
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long to the event instance sort), properties, and obijects in MR TR TN
the domain. A small number of predicates are introduced D", A%,
10 specify the temporal relation b  intervals, 1o spec- . ',.i-bh !
ify that a property holds over an interval, and 10 specify that *',)' o
an event instance occurs. We also introduce symbols to de- ~_{.- ..!"
note the function that specifies an event instance’s time of ! -“\:L ':O.f
occurrence and the function that composes two plan in- :"v“ '!.:'

stances. We now give the syntax the fragment which we will
refer to as interval logic.

There are thirteen ditferent ways in which two intervals
can be temporally related. These are described in detail in

1) and so will not be repeated here. in this paper we will f L
justintroduce interval relation predicates as needed as they * 0“: ]
come up in the examples. Two interval relations that will . .0:%!
be used frequently are: (PRIOR i, i;) which means the in- e "!
terval denoted by i, is before or immediately precedes e
(meets) the interval denoted by iy and (ENDS-BEFORE i, iy) )
which means that the interval denoted by i, ends before or [ ]

at the same time as the interval denoted by i;. The HOLDS "'{;’7}" \
predicaie is used 1o assert that a property holds over some by 5"7 Lh l.|Q
interval. The formula (HOLDS p i) means that the property '.h\ >
denoted by p holds over the interval denoted by i. It is a AL X
theorem that if a property holds over an interval, then that -'-i-"'} t."
property holds over any interval contained in this interval. 'Fn,,'}')\.i} )
The OCC predicate is used to specify that an event instance A -"'-’,:’ ‘
occurs. The formula (OCC ei) means that the event instance s
denoted by ei occurs. There is no need to say that it occurs . -
over some interval since there is a time of occurrence as- ¥ 'J‘_ -’.w '
sociated with each event instance. We will use terms of the _-{‘._4‘_;-(: '
form “e@i” to refer to an event instance or plan instance AR
whose time of occurrence is denoted by i. The function term Ot
(TIME-OF ei)denotes the time of occurrence associated with . J"“:" n

the event instance denoted by e/, thus we have (= ATIME-
OF e@i)). Finally, the function term (COMP p/, pi,) denotes
the plan instance composed of the plan instances derioted
by piy and pi;. This is the plan instance that occurs iff its
companent parts both occur together. The time of occur-
rence of a composite plan i e is the llest interval
that contains both its components’ times of occurrence.
Throughout the rest of this paper we will be more cavalier
in treating the use-mention distinction and, for example,
will use “plan instance pi " in place of “the plan instance
denoted by pi.”

In laying out this theory of time, Alien did not distinguish
an actual time and as a consequence there is no formal no-
tion of the present, past, or future in this theory. For sim-
plicity, we will assume that the specification of the planning
envitonment includes the designation of the interval that
represents the time of planning. Throughout the rest of this
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
earlier than the time of planning, use “current time” to
mean “the time of planning,” etc.

Alfen’s treatment of time can be characterized as a linear
time logic. Temporal assertions are only about what is ac-
tually true; there is no notion of what will possibly happen
orwhat possibly happened. When planning, the agent must
be able to reason about how its actions can bring about dif-
ferent future possibilities. Thus a logic to be used for plan-
ning must be abie to represent some form of possibility. We
will extend interval logic to achieve this end.
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N A LociC rOrR PLANNING ments of the form: (INEV i /L) where IL is an interval logic
statement. Haas (9] who has an operator similar to INEV
elaborates on this argument and claims that most of the
dat ¢ ing ded to do planning (in his system) re-
quires only first-order theorems applied within some modal
context. The same argument can be used in our case.

<5

ol

We extend interval logic by introducing a temporal mo-
dality, INEV, referred to as the inevitability operator. The
modal it (INEV i A that at interval 7, state-
ment Pis inevitable, or equivalently, regardless of what pos-
sible events occur after i, Pis true. If intervals iy and J, finish

N Doy . : Interval logic extended with the INEV operator can be WA N XN
atthe same time, then (INEV i, P is true iff (INEV i, P) is true. . - N . ahhb
This is because the same events that are in the future of i, viewed as a ",‘"‘,"‘P' :’:,“'“" branching time logic. These e Q‘:‘ .\"-* )
are in the future of iy. The possibility operator POS is the :“re !emporgl 0gics In ¥ ich one can make statements 'b‘?m _"",-}’5,"._-"."?
dual of INEV for a fixed time. Thus it is defined in terms of ture Possnbuluty. Tw'“"yf these are mo@al languages with it Xnx .
INEV which is given by: semantic models that consist of a collection of world states h ,.'Au-:_\.r .1-’-\ .

_ (i.e., instantaneous snapshots of the worid) arranged in a pAS) W) >
(POS i P) = o (NOT (iNEV i (NOT P, treedlike structure that “branches into the future.” Each ¥ -,

branch is a possible history of the world, that is, a totally
ordered set of states extending infinitely in time. The set
of branches passing through some world-state are all the

Theorems involving INEV are given in Fig. 1. INEV1 can
be roughly restated as saying if it is possible that property

3:-; .'k‘.‘
=

possible futures realizable from this world-state.
The logic consisting of intervai logic and the INEV op- 'l. o
wev) erator, hawever, does not have instantaneous world-states. I‘.‘O'.'d"
OF (ENOS-AEFORE ™A %) Instead, the semantic model contains world-histories which ..ll o
fartedin e Al M are compiete histories of the worid extending throughout l.g'l:g‘t
VD time and in the object language, there are temporal interval 'l.:‘%
OF (EOS-REFORE MIMEOF e %0 terms that refer to particular times in a worid-history. All o0
OFF (POS % (OCC Yeu)) statements are interpreted with respect to a world-history. [ ]
(NEV 21OCE S} The truth value of a nonmodal statement (i.e., an interval Y,
v logic statement) at world-history hqy is only dependent on “l
Ll ol the event instances that occur and properties that hotd in ’!'
ONEV %29 he. Thus interval statements are about what is actuaily true, {.i "
~eve The truth value of a modal sentence at hy depends on worid- 'I.' D)
OF NEV % (6 P O histories that are accessible from the hy. This will be dis- \ﬁ.‘.'
OF (MEV ™ 9} (MEV Q) cussed in detail in the last section of this paper. Suffice to l'g‘l'
WEVS) say that the accessibility relation in terms of which we in- S
06 onEv Hh P terpret INEV refates worid-histories that have a common @
~eve) past. ':C?‘T,'K“r'
LA Interval logic augmented with the INEV modality can rep- " "_,..'1"- X
(EY 2 ONEY ™ ) resent statements describing what is inevitable at time J, Tna
wevn what is possible attime i, and also, whatiis actually true. This b ._.\'5‘
O e » 0% » Py poses a slight problem. What does it mean 10 say that some 0_\.:‘ Y, i\
course of events will possibly happen while also asserting DN
wihere P and Q are 8y ENUNCEL I the Iogec wrch N free SccuTences of N that another course of events will actually happen? One an- B )ﬂ&;“ \
swer to this is that possibilities are what could have hap- LA
pened. If this is the case, why should a planner worry about A
Fg. 1. The axiomatzation of INEV. something that is possibly true if it is asserted that it is ac- R A
tually false? P
pheldinthe pastor holds in the present, thenit is inevitable Thomason (8] describes a formal technique for avoiding [ A&’\f‘, 2 "‘
that property p heid in the past or holds in the present. the above problem (aithough his motivation for developing ,(" ?\‘-".. PhLA
INEV2 makes a similar claim about event instances with past the machinery is different from ours). We will not present ":}(.g. LR
or present times of occurrence. INEV3 captures the fact that this method here, but will do something that for our pur- ) ":‘x- ]
if a statement is inevitable at time /, then it is inevitable at POses is equival We will that the description of ’: v -ﬁ-':\- N 48 %Y
all later times. INEV4 says that material implication distrib- the planning consi tirely of modal state-
utes out of INEV. INEVS says that what is inevitable at any ments. Thus there will be no assertions about something e
time is actually true, INEV6 and INEV7 stem from the fact that is actually false but possibly true. in solving a planning r \VL "._T,, ‘.x‘- N
that INEV is an $ S modal operator for a fixed time point. We problem we will be looking for a plan instance pi such that " :}'S‘("':} o
aiso have the rule of inference: if P is a theorem then (INEV attime/, it is inevitable that p/ achieves the goal, not simply ¥t Yy 0
1, P is a theorem, for all interval terms /,. possible that pi achieves the goal. U |~.|"
An important property of the INEV operator is: if interval Before going on, we should note that a term denotes the M Lt ) ]
logic statement /L, is entailed by the interval logic state- same object in all possible worlds, thus if two terms are ac- S A
ments iL, - - - I, then (INEV i ILy) is entailed by (INEV i tually equal (unequal) then at all times it is inevitable that ! ',:-, :'( ¢
ILy) * « « (INEVifl,)for any interval term ;. This is very useful they are equal (unequal). Secondly, if a temporal relation : -
when doing proofs in our planning ples. Many times, between two intervals is sctually true, then at all times it is :
we will have interval logic statements nested within 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 giobal time line. Thus their temporal relationship
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is invariant over different possible worlds. If intervals did
not refer 10 a global time line, we could not talk about dif-
ferent ways the world couid have been at some particular
time. As a consequence, it is not necessary to embed equal-
ity statements, i.e., formulas of the form (= 2 t;) and (# ¢,
t;), and statements that temporally relate two intervals, i.e.,
formulas such as (PRIOR i; iy) and (ENDS-BEFORE i; iy),
within the POS or INEV modality.

Achieving a Goal

Consider a planning problem where at planning time,
which we will denote by /,, we want to achieve goal C, where
G is an interval logic statement describing desired future
conditions. A future plan instance must be found that
achieves the goal under all possible future conditions as
described by the pianning environment. Thus we are look-
ing for a future plan instance pi such that in any possible
future where pi occurs, G is also true. This is equivalent to
saying that it is inevitable (at /) that if pi occurs then G is
true:

(NEV 7, (iF (OCC pi) G)).

One might argue that it is impossible to find a plan instance
that works under all possible circumstances, but this is not
our objective. We are just looking for a plan instance that
works assuming that the planner’s view of the world (i.e.,
the planning environment and the action specifications) is
correct. Whether the planning environment describes a
great number of possibilities, or just a few of the very likely
ones is not of immediate concern here.

If at time /,,, it is inevitable that pi does not occur (which
would be the case if pi was an “impossible plan instance,”
i.e., one that never can be executed under any circum-
stance), the above statement would vacuously hold. There-
fore, any plan instance pi under consideration must aiso
meet the condition that there is a possible future where it
occurs. This is simply stated as:

(POS 1, (OCC pi.

This condition, however, does not insure that pi can be ex-
ecuted regardiess of possible circumstances out of the
agent's control or guarantee that p: contains all the steps
needed for execution.

Consider the following planning problem. The goal is to
getinto a particular room sometime during the interval Ic.
The plan instance WALK-IN-ROOM@/,, refers to the action
of walking through the doorway into the room during in-
terval I, where we are assuming that /_ ends at a time dur-
ing Ic. In order to perform this plan instance the door must
be uniocked at a time just prior to /. Let us suppose that
itis possible the door is locked at this time and possible that
it is unlocked at this time. Also that it is impossib)
for the robot to perform an action to unlock the door (or
to get someone else to unlock the door), if it happens to
be locked.

In this scenario, itis possible that the plan instance WALK-
IN-ROOM@)],, occurs, thereby achieving the goal, since it
is possible that the door is unlocked. We would not, how-
ever, be satisfied with such a plan instance, since whether
or not it can be done is dependent on a condition out of
the agent’s control: namely, whether or not the door hap-
pens to be locked. What is needed is a plan instance that
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can be executed under any possible circumstances (as de-
scribed by the planning environment) out of the agent’s
control. Thus in the above example, we would be looking
for a plan instance that can be executed regardiess of
whether the door is locked or not.

A logic that represents the above example must be able
10 represent statements such as: “it is out of the agent’s
control as to whether or not the door is locked” and to ex-
press conditions such as: “‘under all possible external con-
ditions, plan instance pi can be executed.” Interval logic
augmented with the INEV operator is insufficient in itself
to represent thesz statements. The INEV operator may be
used to represent that some future condition is possible,
but cannot attribute the cause of the possibility to external
factors, the agent’s actions, or a combination of both fac-
tors.

Finding a plan instance that can be executed under ail
possible external circumstances, however, is still not suf-
ficient. An even stronger condition that must be satisfied
is that the plan instance contains all steps needed for ex-
ecution (with respect to what is possible at planning time).
This can be clarified by the following example. During plan-
ning time, which we wiil denote by /,, the agent is standing
by a locked sate and by a table on which the safe’s key is
resting. The goal is to open the safe (at sometime inthe near
future). The agent can perform the plan instance OPEN-
SAFEQ/, as long as it has the key grasped in its hand just
prior to execution time f,. The agent can aiso perform
GRASP-KEY @/, which corresponds to gra:ping the safe’s
key at a time immediately after planning time and results
in the key being grasped just prior to /,. This plan instance
can be performed as long as the agent is by the table on
which the key is resting just prior to execution time (/). In
this examplie, we assume this condition happens to hold.
Thus it is inevitable at planning time that this condition
holds since the present is inevitable.

In this case, it is under the agent’s control to enable the
conditions under which OPEN-SAFE@/, can be executed.
By executing GRASP-KEY@/,. the agent can bring about the
conditions under which OPEN-SAFE@/, can be executed.
Thus it is possible that OPEN-SAFE@/, occurs. We would
not, however, want the planner to simply return that OPEN-
SAFE@/, achieves the goal, leaving out that it must be done
in conjunction with some other plan instance. instead, we
would w: t the planner to return a plan instance such as
(COMP GRASP-KEY @/, OPEN-SAFE@/,). At planning time
I,. this composite plan i e contains all the steps
needed for execution since the conditions under which
GRASP-KEY@/, can be executed are inevitably true (at /,)
and it is inevitably true that OPEN-SAFE@/, can be executed
if GRASPKEY®@/, is also executed. If we had a different
scenario where the condition “the agent is grasping the
key just prior to interval /,” was inevitable, we would have
concluded that OPEN-SAFE@/, could simply be executed
alone.

in describing the plan instances in both examples, we
gave conditions under which each of them can be exe-
cuted. If itis possible at planning time /, that the conditions
under which plan instance pi can be executed will not hold,
and it is not in the agent’s control to bring about these con-
ditions, then we do not want to conclude that at ime /,, pi
can be executed. Even if these conditions can be made true
by executing some other plan instance, we consider a plan
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instance containing pi to be under specitied unless it also
contains 3 plan instance that enables these conditions. Thus
in planning to achieve a goal G at time /,, we are looking
for a plan instance p/ such that i) it is inevitable at J,, if ps
occurs then G is true and i) it is inevitable at /,, the con-
ditions under which pi can be executed hold.

To capture the notion of “conditions needed for exe-
cution,”” our theory will make a distinction between plan
instance attempts and plan instance occurrences. The con.
ditions under which pi can be executed will be equated with

h the conditions under which attempting p: leads to p/ oc-
) curring. As an example. attempting OPEN-SAFEQ@/, might
) associated with moving one’s arm during interval /, in such

sway that the key being grasped is twisted in the safe’s lock
(resulting in the safe being opened). This arm twisting
movement could be done regardiess of whether or not the
sgent was gra.oing the key, but only when it is done while
the agent is grasping 2 key, would we say that the agent is
opening the safe with the key.

The IFTRIED Modality

We extend our language to include the modal operator
! IFTRIED. The sentence (IFTRIED pr P is taken to mean *hat
if plan instance pi were to be attempted then P would be

Aed

true, where P is any tence in our d language.
3 This is a counterfactual modality that is used to make as-
3 sertions about what would result if plan instance pr were
Y to be executed, not about what is actually true. Thus it is
Y consistent to assert that (IFTRIED pi M and (NOT P are both

true. We must also point out that both arguments to
{FTRIED are temporatly qualified. The first argument being
a plan mstance has an sssociated time of occurrence. The
second argument is 2 sentence inthe logic and thus is either
an interval (ogic statement and hence 1s temporally qual-
ified or is a modal statement containing (temporally quai-
ified) interval logic statements.

The {FTRIED operator s refated to INEV by the following
axiom schema, which states that if 3 property Pis inevitable
a1 some time ¢, then it will remain true no matter what plan
is attempted after ¢ .

' IFTRIEDY)
(IF (PRIOR It (TIME-OF 2pi))
(F ANEV 2t P (IFTRIED 1pi PY)).

From this axiom schemna and the two axioms, INEV1 and

INEV2, stating that the past and present are inevitable, we

get the desired result that attempuing a plan instance has
Y no effect on earlier prope: ..es and events.

The sentence (IFTRIED pr (OCC pi)) means that if plan
instance p/ were 10 be attempted then it would occur, or
what we equivalently say: “p/ is executable.” For conve.
nience, we will define the predicate EXECUTABLE in our
object language by

(EXECUTABLE pi) = o (IFTRIED pi(OCC pi)).

At time /,, a plan instance pi contains all the steps needed
» for execution iff in all possible futures, if pr were to be at-
) tempted it would occur. This is expressed by
(INEV/, (EXECUTABLE p1)).

R We will also introduce the notion of “choosibility”” which
[ €an be expressed in terms of IFTRIED. We say that a con-

dition Pis choosible attime /, iff there exists a plan instance
with execution time after I, which if attempted would result
in p being true. The definition is given by:

(CHOOSIBLEJ, P) =4y
(32pHAND (PRIOR1, (TIME-OF 1pi))
(FTRIED 1pi P)).

Saying that P is choosible at time [, means that there is
something the agent could have done (starting after /) to
make Ptrue. By using CHOOSIBLE, we can succinctly state
that some condition is out of the agent‘s control and state
that a condition can be made true regardiess of external
conditions. To express that at time /,, the agent cannot af-
fect whether or not proposition P is true, we state that it is
inevitab'e at /, that if P happens to come out true then it
is not choosible at I, that P is untrue, and similarly, itis in-
evitable at /,, if P comes out to be untrue, then it is not
choosible at /, that P is true. For example, the following
s1a1 < s thatat all times, the agent has no control asto whether
it is raining out:

(INEV Yie
(AND (IF (HOLDS (raining) ,)
(NOT(CHOOSIBLE/,
(NOT (HOLD (reining) 8, 1))
(1F (NOT (HOLDS (raining} 1:,))
(NOT (CHOOSIBLE/,
(HOLDS (raining) ti, M.

To express ‘regardless of possible external conditions after
Io, P can be made true,” we state that regardiess of what
future possibilities arise, it is in the agent’s control to make
Ptrue. This is expressed by

(INEV I, (CHOOSIBLE 1, /).

it is illustrative to compare the IFTRIED modality with
Moore’s RES operator [14] which is 2 modal operator that
captures the result function in situation calculus. Moore
equated possible worlds with situations ailowing him to in-
tegrate a theory of action based on situation calculus with
a theory of belief based on possible world semantics. For
the comparison here, we will only talk about the RES mo-
dality.

Statements in Moore’s language are interpreted with re-
spect 1o a world at a particular time, not with respect to an
entire world history as in our logic. Thus statements are
about what is currently true and are not temporally qua!-
ified. The sentence (RES 2, P) means that currently, action
2, can be executed and if executed then Pwill be true where
Pis either a sentence in first-order logic, or contains modal
operators. Now, it is important to note that neither argu-
ment to RES is temporally qualified. Secondly, RES is a “tense
shift” operator. (RES a, P) is making an assertion about what
will be true in 3 situation in the future of the cutrent time.
This contrasts to (FTRIED pr P where both its arguments
are temporally qualified and they may have any temporal
relation; P need not be about a time in the future of pi's
occurrence.

in [15] we show how the RES operator can be viewed as
a special case of the IFTRIED modality. Very roughly, a sit-
vation caiculus view of the world is modeled in intervai logic
by discrete intervals where intervals associated with situ-
ations are interleaved with intervals associated with action
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occurrences. If we assume that interval /, denotes the cur-
renttime, we can translate (RES 2, /), where Pis a nonmodal,
to (IFTRIED 2,@/, (AND (OCC a,@/) (HO' NS P 1)} where

we are ing that i, i ly follcws iy which im-
mediately follows /.
IV, Examrus

Representing Different Types of Goa's

This formalism can easily express goals such as avoiding
some condition while performing some task, achieving a
collection of goals 1o be done in some specified order, and
preventing an undesirable condition that possibly will hap-
pen. In this section, we will examine an example of each
of these goals. The simplest example concerrs a simple se-
quence of goals. Suppose at planning time /,, the goal is to
be at school at some time J,,.,, while stopping at the gas sta-
tion on the way. A plan instance pi (in the future of planning
time /,) must be found such that the following holds:

(INEVI,
(AND (EXECUTABLE pi)
(IFTRIED pi
(32/(AND (HOLDS (at agr school) /,,.,)
(PRIOR?i I,,.)
(HOLDS (at a,t gas-station) 1)),

The above statements says: under all circumstances pos-
sible at time /,, both pi is executable and if pi were to be
attemp »d (and thus would occur since it is executabie), the
agent would be at school during /,,,, and at the gas station
prior to this. Similarly, avoiding some condition while
achieving another is easily represented by specifying that
some condition does not hold during the execution of the
plan.

Prevention problems pose a number of problems as other
authors (3], (9], (13] have noted. It does not make sense to
say that an occurrence is prevented, if it is not possibie in
the first place. Furthermore, the reason why the occurrence
is possible must not be due to the agent’s actions alone.
This last qualification has been overlooked by these au-
thors. Consider a simpie scenario where if an open paint
€aa is siting in the doorway and an agent happens to waik
through the doorway, the paint can will be knocked aver
spiliing the paint on the floor. For simplicity, we will only
talk about a particular spilling occurrence at time /,, which
will occur iff it is immediately preceded by an occurrence
of an agent walking through the doorway while the can is
sifting in the doorway:

(INEV lie
(IFF (OCC paint-spitls@i,,)
(B Vigeg tage
(AND
(MEETS Vippg i)
(OCC (walks-through-door 1ag0 @ i)
(HOLDS (position paint-can doorway) lieey ).

The above statement says: at all times it is inevitable that
paint-spills@i,, occurs iff immediately prior to i,, there is
an agent that walks through the door while a can of paint
i in the doorway.

Now, at planning time /,, we want to find a plan instance
pi that under all possible future conditions is executable
and if it is attempted then paint-spills@1,, will not occur:

137
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(INEV1,
(AND (EXECUTABLE pi)

(IFTRIED pi (NOT (OCC paint-spills @1, 0.

Even if the above statement is true, however, we cannot yet
claim that the planning agent can prevent the occurrence
of (spills paint)@i,,. To begin with, it might be the case that
is inevitable that the paint can is not in the doorway im-
mediately prior to i, or inevitable that no one will walk
through the doorway at a time immediatefy prior to /. If
either of the above holds, then it is inevitable that the paint
can will not spill. Thus in order 10 conclude that we pre-
vented the paint can from spilling, it must be the case that
it possibly spills, that is, the following must be true:

(POS I, (OCC paint-spills@i,,).

Eventhisis not sufficient to conclude that we prevented this
occurrence. it might be the case that the only way that the
paintcan will be in the doorway is if the planning agent puts
it there, or the only agent that possibly can spill the paint
is the planning agent. To represent that paint-spills@i,,
possibly occurs because of external forces, we must intro-
duce a special pian instance that corresponds 10 the plan-
ning agent being inactive over a period of time, which we
will denote by do-nothing@i,4,.. We then check it it is pos-
sible that paint-spills@i,, occurs even if the agent does
nothing up until the ime when paint-spills@;,, would com-
plete:

(F (AND (MEETS /,, 2igHENDS-BEFORE iy, 2ig,))
(POS/, (IFTRIED do-nothing@?iy,
(OCC paint-spilis@i, ).

Further discussion of these issues can be found in (15].

Composing Two Plan Instances and Plan Instance
Interactions

One of the primary goals in developing this logic was to
represent plan instance interactions and to provide a for-
mal basis for determining which plan instances can be ex-
ecuted together. In state-based planners, the system de-
termines which linear combinations of actions achieve the
goal and which sequence of actions can be executed to-
gether. in these planners, the interactions of interest in-
volve one action enabling another by bringing about the
other’s preconditions, or one action’s effects interfering
with another’s preconditions. All these interactions, how-
ever, concern actions that are linearly ordered. In this sec-
tion, we will consider the interactions between concurrent
plan instances and show how to determine whether they
can be executed together and if so under what conditions.

Let us first consider the relation b the conditi
under which a composite plan instance is executable and
the conditions under which each of its components are ex-
ecutable. What it means 10 say that a composite plan in-
stance is executable is that if both components were at-
tempted together then both components would occur.
There are a number of cases to consider. It might be the case
that both components are executable when taken alone,
but they cannot be executed together since they interfere
with each other. Such is the case if two plan instances share
the same resource or if two plan instances are alternative
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choices, one of which can be performed at one time. Thus
itisincorrect to assert that if both pry and pr, are executable,
then (COMP piy pi)) is executable. The converse of this
statement does not hold either. It might be the case that
(COMP py, piy) is executable white pi, is not because the
occurrence of pi, brings about the conditions under which
Piy is executable. It might also be the case that (COMP pi,
Piy) is executable, but neither piy or p/, is executable alone.
Such is the case if piy and pi; are “truly parallel actions,”
ones that must be executed together. An example of this
is where an object is lifted by applying pressure to two ends
of the object, one hand at each end. If pressure were ap-
plied to only one end, the resuit would be a pushing action,
not part of a lifting action.

A general theorem will be given that relates (COMP pi,
phltoitsc 1t parts, regardiess of their al re-
lations. Before presenting this general theorem, however,
it will be clearer to first look at special cases concerning the
relation between pi, and pij.

We begin by considering the case where pi, and pi; do
not have overlapping execution times. Without loss of gen-
erality assume that pi, is before piy. Clearly, whether or not
a plan instance occurs is not affected by the attempt of an-
other plan instance with a later execution time. This is cap-
tured by the following theorem:

INTERACTION1)
(IF (PRIOR (TIME-OF 1piy) (TIME-OF 7pi;))
(IFF (OCC ?piy)
(IFTRIED 2pi, (OCC piyh)

Since pi, is before pi;, attempting pi, has no effect on
whether or not pi, occurs. Therefore, if (COMP pi, piy) 1s
executable then pi, must also be executable. it need not be
the case, however, that pi, is executable. The execution of
Piy may bring abrut the conditions under which pi, is ex-
ecutable. Alternatively, pr, may be executable, but it would
not be if pi, were 10 occur. This provides justification for
the following theorem:

INTERACTION2)
(IF (PRIOR (TIME-OF ?piy) (TIME-OF 2piz)
(IFF (EXECUTABLE (COMP 1pi, 2p13))
(AND (EXECUTABLE 2piy) -
(IFTRIED ?ps, (EXECUTABLE 2pip))

This theorem says that for any nonoverlapping plan in-
stances pi, and piy, pi, being the earlier one, the composite
plan instance (COMP pi, p1y) is executable iff pi, is exe-
cutable and if pi, were to be attempted (and thus would
occur because it is executable), then pr, would be execut-
able.
tf piy is earlier than piy, but the two plan instances overiap
in time, the consequent in the above theorem might not
hold while the antecedent does; there are cases where the
“piy is executable’” and “if pi, were to be at-
tempted then pi; would be executable,” are both true but
their composition is not executable, since pi, interferes with
the successful ¢ of pi,. For ple, consider the
function term (walk home storel@/,, which denotes the plan
instance where the agent walks from home to the store dur-
ing interval /. This plan instance is executable as long as
the agent is at home just prior 10 execution (i.e., at some
time that immediately precedes /). The effects of this plan
instance are, that the agent is outside during execution and
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is at the store at a time following execution. Consider also
the plan instance (stay-at home)@/, which refers to the ac-
tion of staying at home during interval /,. This plan instance
is executable as long as the agent is at home just prior to
execution and its effects are that the agent is at home for
the duration of its execution. If we assume: i) (stay-at
home)@/, is executable, ii) /, is earlier than but overlaps /,,
and iii) it is impossible to be at two places at once, then it
follows that the earlier plan instance (stay-at home)@/, is
executable, and if the plan instance (waik home store)@/.,
were sttempted, it would be executable, but their com-
position is not executable since it is impossible to be out-
side and at home at the same time.

in general, if plan i @ piy is executable, but the con-
ditions prohibit both piy and pi, from occurring together,
then we have the following:

(IFTRIED piy (OCC pir))

(IFTRIED piy (IFTRIED piy (NOT (OCC piyh)

The first statement is simply the definition of (EXECUTABLE
ph). The second statement says: If pi, were to be exeruted
(and thus would occur), we wouid get to a scenario where
if pi; were to be attempted, it would preclude piy from oc-
curring. In other words, pi, interferes with piy.

If, on the other hand., i) pi, is executable, ii) the conditions
under which pi, and pi can occur together hold, and iii) if
piy were to be attempted, pi would be executablie, then we
would have the following:

(FTRIED piy (OCC pirh
(IFTRIED pi, (IFTRIED pi; (AND (OCC piy) (OCC pip)

This can be read as saying that if pi, were to be attempted
(and thus would occur since it is executable), we get to a
scenario where attempting pi, would result in both pis and
piy occurring. In this case, both plan instances can be per-
formed together, and we want to conclude that the com.
posite plan instance is executable.

In the general case, we have the following theorem:

INTERACTION3)
(IF (IFTRIED 1pi,
(IFTRIED pi, (AND (OCC. piy) (OCC tpih)
(IFTRIED (COMP 1pis 1piy)
(AND (OCC 2piy) (OCC pig)

This theorem says that if att2mpting plan instance pi, would
result in a scenario where attempting pi, would result in
both plan instances occurring, then their composition is
executable (i.e., if it were attempted, both of its compo-
nents would occut). Notice that there ar. no temporal re-
strictions relating pi: and pi,. Secondly, this general theo-
rem provides for the case where neither pi, nor pi, are
executable alone, but they are executable together. This
would be the case if attempting pi, alone would not result
in piy occurring, but the attempt wouid make it 3o that piy
is executable, which in turn would answer the conditions
for piy's successful completion. There is, in fact, an even
more general theorem about interaction that is not nec-
essary for the purposes of this paper, which is discussed
in (1S].

Concurrent Plan Instance Interactions

In this section, a few examples are presented to illustrate
how concurrent plan instance interactions may be repre-
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sented and how these lead to conclusions about

hether or not the composition of these plan instances are
executable. We start with a simple resource conflict ex-
ample. Consider a very simple case where there is a stove
on which only one pan can be placed at atime. Let the func-
tion term theating pn@/y d: the plan i e where
the pan pn is being heated on the stove during the interval
I The fact that only one pan can be heated at atime is cap-
tured by:

HEATY)
(INEV lie
(IF (AND (OCC (heating 1pn,)@1iw,)
(OCC (heating 1pn @i
{OR (DISJOINT tipy, Pipe)
(AND (=? pn,tpn X =11y, Up)).

This says that under all possible circumstances (i.e., it is in-
evitable at ail times), if there are two occurrences of a pan
being heated on a burner then either their times of oc-
currence are not overlapping or they refer to the same plan
instance (two function terms are equal if ail their argument
terms are equal). This relationship b 1 plan ir es
is what Lansky {10) calls a behaviorai constraint; it directly
relates two plan instances (actions) instead of implicitly re-
fating two plan instances by use of action precondition-ef-
fect lists.

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.”
The action, “‘heat pan pn’’ could not simply be modeled by
a simple action specified by a precondition-effect list, in-
stead it would have to be modeled by two simple actions
that must be performed consecutively (note: Vere's system
[19] has such a facility). The reason for this is that the effect
of "heat pan pn” is that the burner is in use during exe-
cution, not before or after execution. We would then model
this action by two consecutive actions a, and a,, where a,’s
effectis that the burner is in use and a,’s effects are that the
burner is free. As previously noted, Wilkins' SIPE (20} has
a special mechanism for treating a limited class of resource
conflicts. This mechanism could be used to solve the above
example without recourse to the 'in use’’ properties.

in order for the behavioral constraint HEAT1 to be useful,
itmustiead to the deduction that a composite plan instance

consisting of two overlapping plan instances using the same
burner but different pans is not executable. This is easily
shown. Let us consider plan i es (heating pn1)@/in

and (heating pn2)@ /), in the case where pnt and pn2 de-
note different objects, and the intervals, /yn and /i, overlap
in time. We want to prove that the composite is not exe-
cutable, i.e.,

PRVY)
(NOT (IFTRIED (COMP (heating pn)@/sn
theating pn2)@/,n)
(AND (OCC (heating pn1i@l.yy)
(OCC (heating pn2)@ /).

From axiom HEAT1, the fact that iy, and 1, Overiap in time,
and that pn1 and pn2 are unequal, it logically follows that
PRV1 is true. A sketch of this proof is given in Fig. 2.

Our next example concerns two plan instances that can-
not occur together if certain external conditions hold. Sup-
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7

pose that the agent cannot carry two grocerv bags from the
supermarket 10 the car (without slipping) if itis icv out. Conr
sider the scenario wheve at planning time /,, it is possible
that it is going to be icy out during /..,, and also possible
that it is not icy out during /,,. This is represented by

ICY-STY)
(AND (POS 1, (HOLDS (icy} I..,)
{POS A (HOLDS (not tievh e .

We also state that it is impossible for the agent to affect
whether or not it is icy out:

1CY-ST2)
(INEV tie
(AND (IF (HOLDS (icy) 1ii) ;
INOT (CHOOSIBLE lie K]
INOT (HOLDS 1icy) 1ii )

(IF (HOLDS (not (icv) tini)

(NOT (CHOOSIBLE e
(NOT (HOLDS ot (icvi) tini B

Consider the two tunction terms, «carrv bag 1)\ @ /. and (cany
bag2)@!,, which reser 1o the plan instances where the
takes each bag irom the shopping cart and carries it to the
car during interval /. which we assume is duning /.. Als®
assume that bagt and bag2 denote distinct objects. Findlty.
assume that under ail circumstances, i it is icv out during
1w, then it is impossible that both plan instances occur 0
her. This is rep d by:
ICY-ST3)
(INEV lie (IF (HOLDS (icy) /y.)
INOT (AND (OCC (carn bagn 8/,
(OCC carry bag2: @I

from ICY-ST3 above. the fact that it is possible that it is &Y

PROCEEDINGS OF THE IEEE. \OL. "3, O 10, OCTOSER T

‘.- \ LS Y G S W .ﬁ\ﬂ..- - \-.\ 0o, ‘.\,‘.\ LSS -i\ \\_‘ “\ '\‘. <\, * \ \ )
R VA R S A N AR A A R A A LRSS DALY
/ i .’*.* -".‘.\}\.(\,f‘\- " » k\ \.a::-\ e -\t\x )\ ~On

~

- ..; ot

LAY .'o.'u. YARARRLAY, \‘0

e
A

[ o Pl .
= X X L

9
l:\ > ;"15
R
Ay
gy ul .""
rn¢

% %
IS."v
L'

e
".g:-.

'&‘
e




rsnunwn WELNE U FUCTE PO PR TR T

out (ICY-ST1), and the fact that the agent cannot perform

any action that would prevent it from being icy (1ICY-ST2),

we can prove that it is possible at /, that there is nothing

the agentcan do to make(carry bag1)@ /. and (carry bag2)@ /.

occur together.

PRV2)
(POS/,
(NOT (CHOOSIBLE /, (AND (OCC (carry bagh@ !}

(OCC (carry bag)@/.M).

The sketch of the proof of PRV2 is given in Fig. 3.
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This example could not be handled by existing nonlinear
planners, because oniy two types of interactions can be
handled: 1) If action a, interferes with action a,’s precon-
ditions then either a2, is ordered after a,, or another action
is inserted between a, and a, in order 10 restore a,'s pre-
conditions, and 2) If two actions have effects that contradict
each other, then one of the actions must be ordered before
the other to avoid the possibility of trying to execute them
together and thus failing. Now, in the example above, the
plan instances, (carry bag 1)@/, and (carry bag2)@!,, do not
really contradict each other; the fact that both plan in-
stances occur is consistent with the material implication
stating that if it is icy out, then the two olans do not both
occur. Thus a naive implementation would allow these two
plan instances to simuitaneously occur. From the fact that
(carry bag1)@/. and (carry bag2)@!, both occur, and this
material implication, we would conclude that it is not icy

out during interval /.. Clearly, this is not desired. instead,
we would want the planning system to conclude that the
two plan instances can be executed together only if it hap-
pens not to be icy out during /.

This prob: ifests itself ditf tly in the case where
the agent can bring about the conditions under which two
plan instances can be executed together. Let us suppose
that action a, and &, share the same type of resource and
itis under the agent’s control how many of these resources
are present. Now, it is not a contrachiction that a, and 2, oc-
cur simul ly. A naive impl ion might return
a plan where 2, and &, are executed simultaneously, while
failing 10 include a plan step that guarantees that two re-
s01:7Ces are present while 2, and a2;are being executed. Thus
we get a plan that does not have all the steps needed for
execution.

These probl can be in a state-based system
by explicitly introducing properties associated with re-
sources in use, but as we have previously mentioned this
becomes quite cumbersome and would lead to an inerfi-
cient search space. Properties and precondition lists are
useful, however, for specifying the conditions under which
actions taken alone can be executed. Thus an adequate rep-
resentation needs to handle both behavioral constraints
and properties that serve as preconditions. We have just
discussed how behavioral constraints can be expressed.
Saying that if property pr holds over interval /, then plan
instances pi‘s preconditions hold (i.e., pi is executable) is
simply expressed by:

(NEV lie (OF (HOLDS pr i) (EXECUTABLE pi)).

Ao

Most theories can express only precondition properties.
Lansky [10) describes a theory that allows behavioral con-
straints, but it is difficult to treat properties. To define a
property one must know all the possibie actions and then
precompute the patterns of execution that result in the
property being true and untrue.

A Simple Planning Problem

In this section, we present a simple planning [
that leads into a discussion on how lhe frame problem man—
ifests itse!f in our logic. Consider the foll 8
Suppose at planning time /,. the planning agent, which we
denote by agt, is at home and its goal is 1o get to the bank
sometimes during /¢ which is an interval that immediately
follows /,. The set of sentences that describe the planning
environment are given by:

PET) (MEETS /, i)
PE2) (INEV /, (HOLDS (at agr home) /,)).

The interval logic statement describing the goal of getting
to the bank at a time during interval /¢ is given by

@ ¥y, (AND (DURING Uiy, Ic) (HOLDS (at agt bank) 1i)).

in the rest of this example we will use G to refer to this in-
terval logic statement describing the goal conditions.

For our simple example, we introduce a class of plan in-
stances that refer to walking from one building location to
anather. We will let the function term (walk bldgt
bidg2)@ 1, dencte the action of walking from building
bidg1 to building bldg2 during interval /.- The term will

1
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[ denote a plan i e for all arg; bidg1 and bldg2, the minimal time it takes to get from home to the bank must
,l‘ that denote building locations and all interval terms /,,, be less than the duration of /¢ (since the plan instance must
X but unless the duration of /. is g than or equal to be performed during this interval). We will assume that this
.. the minimal time it takes the agent to walk from bldg1 1o condition holds and therefore the p! g environment

bidg2, it denctes an impossible plan instance. These are
plan instances that are never executable under any circum-
stances. For simplicity, we ignore the case where bidg1 and
bidg2 denote the same building or are so far apart that it

is described by PE1, PE2 along with:
PE3) (< (minimal-time home bank) (DURATION /c)).
it can be shown that COAL can be satisfied by any plan

'Y is impossibie to walk from one to the other. If we have two instance pi belonging to the set:
' plan instances, (walk bidgt bldg2)@/.. and (walk bldg1 .
.1 bidg2)@1,;, where |5 and I, start at the same time, but /.., {(walk home banki@?i,
Y has a shorter duration, they differ in the rate that the agent | (MEETS I, Uy
o walks from bldg1 to bidg2. and (< = (minimal-time home bank)
L) if twalk bidg1 bldg2)@ /... is not an impossible plan in- (DURATION 1))
1:. stance, theniitis exe_cuuple as long as the agent is at bldgj and (DURING i, Ic)}.
just prior 10 execution time (i.e., leu). Furthermore, this TR
connection between (walk bldg1 bidg2)@/,u and the con- That such an interval exists is guaranteed by PE3 along with ) ‘.'..
K ditions under which it is executable is inevitable atall times. an axiom in interval logic concerning the existence of in- :t'.‘l’..O; s
1t Thus we have the following: tervals. .|:..(".(’ K
A These constraints on 1, result from intersecting the con- .('..0’1 .“0.' f
Ky EXC-WALK) ditions needed 0 guarantee that it is inevitable at /,) that Lt
W (IF (< = (minimal-time ?bidg1 1bidg2) if (walk home bank)@?i., occurs the goal condition will hold ) N ‘.:0“,
o (DURATION 1igqud) and the conditions needed to guarantee that it is inevitable thtitiah
& (INEV tie that the pian instance is executable. The ¢ int that ti,,
B (IF (AND (HOLDS (at agt 2bldg") Vigpuyr) finishes before /¢ insures that the agent does not arrive at
(MEETS Vipeourgr Vo)) the bank at a time later than /¢, while the conditions ?i,, im-
3, (EXECUTABLE mediately tollows /, and has a duration greater or equal to
i twalk 1bidg1 Idg2)@ liwaa))) (minimal-time home bank) insure that the plan instance is
D . o . executable.
& where the function term (minimak-time bidg1 bldg2) de- These constraints may be derived by usinga control strat-
) notes the minimal time it takes for the agent to walk from egy similar to the backward chaining strategy employed to
L bldg 1o bidg2. solve a single conjunct in nonlinear planning such as de-
The effects of (walk bidg1 bidg2) @ /..« are that the agent scribed in Allen and Koomen (2]. We find 2 set of plan in-
¥a is outside during the time of execution and will be at bldg2 stances each of which would achieve the goal if executed.
’ iately after execution. The connection between 2 plan in- Call this set S, We then see if there is any plan instance (or
Al stance and its effects is inevitable at all times. Thus we have class of plan instances) belonging to S, which are execut-
."0 the following: able. If this is the case we are done. Otherwise. we must
) 1y EFF-WALK) try to compose a p!an instance pi (or cla_s:ol plan msta‘n'ces)
:}‘ (INEV tie belonging to 5. with anolhe: .lhat acf.ueves the ;ondmo_ns
"‘ (IF (OCC (goto tbldg1 1bIdgA@ i ) needed for pi to be exec If this comp plan in-
" Y stance is .executable, we are done, elsg we repeat |hg pro-
N (A.N.Dm(HOLDS (at agt WbIdg) ¥i ) cess Jlo?kmg 1oraplanm:unce tfm achieves the conditions
(MEETS Tiau tineorega)) ne for the comp plan ir e to be executable,
A (HOLDS (at agt outside) Ty ). Now, a8 we ioned, by ining ti, 30 that it im-
|'l Given the sentences describing the planning environ. mediately follows /, and has duration greater than or equal
)‘0 ment and the sentences describing the action specifica- tothe minimai time it takes to go from the home tothe bank,
N tions, we are looking for a future plan instance such that we find a class of executable plan i es thatachieve the
N at the time of planning, it is inevitable that it is executable goal. For the sake of illustration, suppose that we must con-
K and if it occurs the goal conditions will obtain. Thus we want strain %, so that it is strictly after /, instead. In this case, it
‘ to find a plan instance pi that has execution time that is later does not follow that it is inevitable at planning time that
. then /, and it logically follows from the sentence describing {walk home bank) @i, is executable. The resson is that (walk
e the planning environment and the action specifications that home bank)@/, is executable only if the agent is at home
’I the following is true: immediately prior to i,. Although it is inevitable that the
3 GOAL agent is at home during /,, we cannot prove that it is in-
YW )

P o d

3

(INEV /, (AND (EXECUTABLE pi) (IFTRIED pi G)))
where
G = def (3 Yy (AND (DURING 1, Ig)
(HOLDS (at agt bank) ?iy).

in order for it to be possibie to achieve the goal by ex-
ecuting a pisn instance of the form (walk bidg1 bidg2) @/,

evitable that the agent is at home (0~ any other location for
that matter) 3t any time later than /,.

1f we want to execute (walk home bank)@i, for i, strictly
after /,, then we must compose this plan § e with an-
other plan instance whose effect is that the agent is at home
just prior to i, For this purpose, we introduce a class of plan
instances that refer to staying at the same jocation for any
period of time. We will use the function term (stay-at
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bldg) @iy, to denote the plan instance where the agents stays
in the building bidg during the interval i,,. The conditions
under which it is executable are simply that the agent is in
the building just prior to execytion.

EXC-STAV) ,
NEV tie (If (AND (HOLDS (at agt 15/d8) Vupig)
(MEETS iy gy tiscenl)
(EXECUTABLE (stay-at 25/08)@ Via).

The effects of (stay-at bidg)@i,, is that the agent is at bidg
during the time of execution:

EFF-STAY)
(INEV tie (IF (OCC (stay-at 1b/08)@ iy
(HOLDS (at age Wbldg) Vis, M.

By executing (stay-athomel@?i, where ti,,immediately pre-
cedes i, we can achieve the conditions under which (walk
home bank)@1i, is executable. If {i,, immediately follows
Iy, then (stay-at h Y@ iy is executable. From this we get

(IF (AND (MEETS J, 2i,)
(MEETS iy, 2i,))
(< = (minimaltime home bank)
(DURATION ?i,))
(INEV ,
(EXECUTABLE (COMP (stay-at home)@?i,,)
(walk home bank)@1i,)).

This is derived using the theorem INTERACTIONT which
states: if piy is prior 10 piy, piy is executable, and if piy were
executed, then pi, would be executable, then (COMP pi,
piy) is executable. By also adding the constraint that 25, com-
pletes before Ic, we can insure that the composite plan in-
stance (COMP (stay-at home)@?iy,) (walk home bank)@1i,)
achieves the goal of being at the bank sometime during /¢.

The Frame Problem

in the exampie above, we saw that if (walk home bank)@i,,
has an execution time that does not immediately follow
planning time, we have to introduce another plan instance
whose effect is that (at 2gt home) is true immediately prior
10 i A plan instance of the form (stay-at home) @/, served
this purpose. The property (at agt fy ) holds at planning
time and the execution of (stay-at homel@i, simply main-
tains this property up to the time when {(walk home
bank)@i. is to be executed.
The fact that we have plan instances that maintain prop-
erties contrasts with the traditional approach in nonlinear
| g. in the hi planning paradigm, if we intro~
duce an action a, into the plan and this action has precon-
ditions that are satisfied by conditions that hold in the initial
situation, 3 “ghost node” is created, indicating that itis not
necessary (at least at this stage) to explicitly introduce an-
other action to achieve a,'s preconditions [16]. I the system
finds another action a, in the plan whose effects negate a,'s
preconditions, the system would try to order this action to
follow a,. I this ordering is not possible, the sy id
have to introduce a third action followm; n und before &,
that restores a,'s preconditions, Or remove a, or a, from the
plan. This strategy can be seen as an implementation of the
STRIPS assumption.
In effect, these ghost nodes corresp

¢ to our
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nance plan instances, although they are not given the same
status as actions and are treated differently by the nonlinear
planner. For example, one does not introduce a ghost node
into a pian, just like one introduces actions. They resuit as
a side effect of linking an action to an earlier state where
one of its preconditions holds. So one cannot explicitly
choose between maintaining a condition to achieve a pre-
condition as opposed to introducing an action that explic-
itty makes the precondition true, in the case where the pre-
condition hoids at an earlier state. The first alternative is
sutomatically tried first (which turns out to be a good heu-
ristic).

As we previously described, the use of the STRIPS as-
sumption (in the guise of ghost nodes) leads to problems
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
system, does not include sll scheduled external events thay
affect this property). Since there will be no actions whose
effects violate an external property p, an action whose pre-
condition is p can be ordered anywhere in the plan.

This problem arises because a ghost node can be created
for all properties. in our formalism, we do not have the same
problem because there will only be maintenance plan in-
stances for properties completely in the agent’s control.
Thus we might have a maintenance plan instance for “the
agentstays in the same location,” but clearly would not have
a maintenance plan instance for a property such as ‘‘the
gym is locked.” Thus even though the property “the gym
is locked" holds during planning time and there are no as-
sertions about whether “‘the gym is locked” holds in the
future, there is no plan instance that can be executed that
makes this condition true atany time in the future. The agent
is at the mercy of its environment.

Now, the fact that we have maintenance plan instances
does not give us a simple solution to the frame problem.
The frame problem manifests itself in a different form in our
logic. What we do get though is a uniform treatment of the
frame problem. in a system such as Wilkins' that uses the
STRIPS assumption but allows concurrent actions, he has
one mechanism for finding conflicts caused by one action’s
effects interfering with another’s preconditions and an-
other for finding conflicts between concurrent actions, this
being the resource mechanism. In our logic, both conflicts
can be seen to be of the same form and can be treated by
the same mechanism, as follows.

We have already shown that if we want to execute pi, and
piztogether, then we must prove that the following is true:

(INEV 1, (IFTRIEC (COMP piy pia)
{AND (OCC piy) OCC pigh)).

To provethat aplan instance, say pi,, does not interfere with
alater one’s preconditions, say piy, we show that pii can be
executed togetherwith the plan instance(s) that bring about
piy's preconditions. Thus the probiem of d«mm‘m’ng
whether a plan instance interferes with mocher one (] pre-
conditions reduces to the probiem of dete

two plan instances are executable when taken togethev The
following **blocks-world’ exampie will help to clarify. Con-
sider the plan instance (grasp bik 1)@i, which refers to
grasping block bik 1 during interval i,. This planinstance is
executable as long as the property (clear b/k 1) holds just
prior 10 iy Also suppose that property (clear bik 1) is as-
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serted 1o be true at planning time and tkeep-clear bk )@/,
is a plan instance that maintains property (clear blk 1) from
the time of planning time up to the beginning of iy. Thus
the plan instance (COMP (keep-clear bk 1)@iy. (grasp
blk 1)@i,) is executable. Now, consider some plan instance
2y @', thatis prior to iy and it is inevitable (at planning time)
that it is executable. If we want to execute a, along with the
composite plan instance above, we must prove that (COMP
29 Qo (keep-clear blk 11Dy (grasp blk ) @iy)) is executable,
Note that, since COMP is associative, without loss of gen-
erality we can let COMP take any number of arguments.

Since (keep-clear bk 1)@i,, guarantees the executability
of (grasp blk @iy, and (grasp blk 1)@y cannot interfere with
20 since it occurs after 2,@ip the above is executable
only if the plan instance (COMP a,@i, (keep-clear blk1)
@iy ))isexecutable. As a result, reasoning about how (grasp
blk 1)@iy and 2, @iy interact is reducible to reasoning about
how the two overlapping instances (keep-clear blk 1)@,
and a, @i, interact.

Thus both forms of interactions involve determining
whether it is inevitable at planning time that two overlap-
ping plan instances are executable together. As we dis-
cussed earlier, two plan instances that overlap in time are
executable together only if they do not interfere with each
other, i.e.,

(IF (OCC piy) (IFTRIED piy (OCC pigh).

It is at this step that we need “frame axioms’* Or some non-
deductive method for solving the frame problem. Typically,
when describing an action, one only mentions its effects,
not what it does not affect, but to reason about the inter-
action of overlapping pian instances, we must be able to
determine what a plan instance does not affect. Thus we
couid explicitly encode frame axioms of the form

(INEV /, (IF C, (IFTRIED pi C,))

to specify the temporally qualified conditions C, thatare not
affected by pi's execution.

From a pragmatic standpoint, however, specifying a large

ber of frame axi might lead to an inefficient im-

plementation. Such a point has been made by Wilkins [20).

An aiternative approach is to restrict the form of ser es

V. Trur StmanTics

The formal semantics for this logic can be characterized
as “‘possible-world semantics.” The basic components of
a model structure are a set of world-histories, which are
complete histories of the worid (our variety of possible
worlds), and two accessibility relati Each e is
interpreted with respect to a world-history within some
model structure, The truth value of a nonmodal sentence
(i.e., interval logic sentence) at world-history hg is only de-
pendent on the properties that hold and event instances
that occur in hy. The truth value of the sentence (INEV i P)
at hy depends on the world-histories that are possible with
respect to hy and share a common past up until the end of
interval i. The truth value of the sentence (IFTRIED pi P) at
hgdepends on the “closest” world-histories to hywhere the
plan instance d d by pi is d. The interpreta-
tion of counterfactual statements in terms of a “closeness’
accessibility relation derives from Lewis’ [11] and Stainak-
er’s [17) work on conditionals. To get at a more concrete
notion of what a plan instance attempt is, we appeal to
Goldman's theory of actions (7). This is described in the next
section. Foliowing this, we present the model structure and
give the interpretation for the two modal statements
(INEV i P) and (IFTRIED pi P). We must also note that the
interpretation of a term is constant over world-histories,
that is, terms are treated as rigid designators. The inter-
pretation for.the rest of the language (i.e., atomic formulas,
and sentences related by the first-order connectives) is
omitted since this is straightforward. A detailed presen-
tation of the semantics is given in [15].

Coldman’s Theory of Actions and Basic Generators

In Goldman'’s theory of action, he defines what it means
to say that one act token (an action at a particular time per-
formed by a particular agent) generates another, under
specified conditions. Roughly put, the statement “acttoken
2, generates act token a,” holds whenever it is appropriate
to say that a, can be done by doing a,. Associated with each
generation relation, “a, generates a,” is a set of conditions
C* such that C* are necessary and sufficient conditions un-
der which if a, occurs then a, occurs.

allowed in specifying the planning environment and action
specifications and use a defauit-like assumption to com-
pute what an action does not affect. Such is done by adopt-
ing the STRIPS assumption where the effects of an action
are limited to a list specifying the properties that are ne-
gated and a list specifying the properties that are made true.
This preciudes the use of disjunctive effects among other
things. Dean (5] handles the frame problem ina tempoully
rich d in by app g 10 2 “persi e

This is a rule of the form: once a property is made 1 true, it
remains true until some other property makes it false. To
impl this mechanism, one must be able to efficiently
compute when a set of properties are inconsistent when
taken together. This is done by restricting the way prop-
erties can be logically refated. We are currently studym;
several such default reasoning techniques and P
to characterize the range of probl that each tech
can handle.

q

"

A-110

Cold also introduces the concept of a basic action
token. A basic action token is a primitive action token in the
sense that every nonbasic action token is generated by some
basic action token (or some set of basic action tokens
executed together) and there is no action token, more
primitive, that generates a basic action token. They can
be thought of as the fundamentat building blocks of which
alt action tok are composed. in Goldman’s work, basic
action tokens are associated with particular body move-
ments that can be done “at will" as long as cenain “standard
conditions™ hold. As an example, moving one’s arm counts
as a basic action since it can be done at will as long as no
one is holding the arm down, the agent is not paralyzed,
etc.

in our theory, we equate “plan instance pi is attempted™
with pi’s basic generator occurs.” In each model, a subset
of the plan instances are d d as being basic and a
basic generator function is specified that associates every
plan instance with the basic plan instance that generates
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it. 1f the plan instance is basic, then it generates itself. Each
plan instance has 2 unique generator since we are defining
a plan instance as an action at a particular time done in a
particuiar way. it is not vecessary ta pravide for a plan in-
stance that is generated by a set of basic plan instances, not
justasingle one, because the set of basic plan instances are
closed under composition. Qur conception of “basic” dif-
fers from Goldman's treatment in that we allow basic plan
instances that are more abstract than cofiections of bady
movements at specified times. For example, in modaling a
game of chess, we might take our basic plan instances to
be simple chess such as moving the g from Q,
to Q,ata particular time, etc. The standard conditions would
be that the move is legal by the rules of chess. There is na
benefit in looking mare closely at a chess move and saying
that it is generated by the arm movement that physically

COVER(, ) which yields the smallest interval
that contains both iy and i,

PROP is 3 nonempty set of properties. Each element of
PROPis 2 ser containing elements of the form: <i,
h> where i belongs to INT and h beiongs 1o H.

Praperty pr holds duting interval i in world-his-
tory hiff <i, h> belongs to pr. For ¢ e

we define the function HOLDS(pr, i) which yields
the setal world-histories where property prholds
over interval i:

HOLDS(pr, ) mey{h|<i, h> e pr}.

Yo capture the constraint: if a property holds over
an interval, it holds over any properly contained
interval, we have the tollowing:

HOLDY)

For all properties (pr) and intervals (i, and iy),
i IN-OR-EQAiy, iy}
then HOLDS(pr, i1) & HOLDS(pr, i)

is 2 nonempty set of event instances. Each ele-
ment of £/ is an ordeced pair of the form: <i, h-
set > where i belongs to INT and h-set iy a subset
of . The time of occurrence of event instance
<j, h-ser> is i, and <, h-set> occurs only in
world-histaries belonging to A-set.

for convenience, we define the function TIME-
Of(ei) which yields event instance ei’s time of
oCccurrence.,

For all event instantes (<i, hset >),
TIME-OF(<i, hset >) = i,

Simifarly, we define the function OCCies) which
yields the set of world-histories where even in-
stance ei occurs.

Far all event instances (<, h-set>),
OCC(<i, mset >) woyh-set.

is 2 nonempty set of plan instances, P is a subset
of £,

The set Pt is closed under plan instance com-

ion. The composition of two plan instances
occurs iff both its components occur, and its time
of occurrence is the smallest interval that con-
taing both of its components’ times of occur-
rence. far convenience, we define the compo-
sition function CMP by:

far all pl. inst. (< iy, hset, > and <iy, hset; >),
CMPA(<iy, hesety >, <iy, h-set; >) =y
<COVER(iy, iy), h-sety N h-sety >

To state that P/ is closed under CMP we have:

For al) plan instances {pi; and pis),
CMPipi,, piy)ePl.,

is nonempty set of basic plan instances. BPlis a
subset of P, BPI is also closed under composi-
tion, thys we have:

B8Py
For all basic plan instances (bpi, and 8p4 ),
CMPpi,. bpiyleBPI.

maves the piece, Even though each plan instance has a basic u
generator assaciated with it, one can make assertions about
aplan instance in the object language withou? knowing its
generator. This is analogous to making assentions about
physical objecis in some first-order language while not
knowing all its exact features as captured by the semantic
model.
The Mode! Seructure
Formaily, a model is a 121tuple of the form:
< H, D, OB}, INT, MTS, PROP, Ei, PI, 8P), BGEN, R, Fy>
The constituents of this tuple are described as follows:
H a nonempty set of world-histories.
D a pty set of d inindividuals. This is par-
titioned into four disjoint subsets OB}, INT, PROP,
and £l which are given as foitows:
OB}  anonempty set of objects that existed at any time ”
in any world-history.
. INT  ar Pty set of temporal intervals,
The relation MTS is defined over the set of in-
tervals. MTSHi,, iy} means that interval iy meets in-
tecval iy to the left (i, immediately precedes 1.
Allen and Hayes (4] present an axiomatization of
the MTS relation: these axi will be adopted
here. All ather interval relations (such as over-
{aps, is before, is contained in, etc.) can be de-
fined in terms of MTS as long as we assume that
for each intervai, there exists another that meets
it to the left, and one that is met by it to the right.
. We also must stipulate that the intersection of
any overlapping intervals belongs 1o the set of
intervals and that the concatenation of any two PIn)
intervals belongs to the set of intervals, The re-
Iation IN-OR-EQiy, iy} will be defined as being true
when interval j, is contained in i, of when the in~
tervals are equal. We alsa define the function am
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BGEN is a one-place function with domain P/ and range
BPI. For every plan instance pi, BCEN(pi) is its
basic generator. if pi is a basic plan instance then
pi = BGEN(pi).

In all world-histories, if a plan instance occurs
then its basic generator aiso occurs. Thuswe have
the constraint:

BCENT)
For all plan instances (pi),
OCClpi} & OCCIBCEN(pI)).

A plan instance and its generator have the same
time of occurrence giving us the constraint:

BCEND
For alt plan instances (pi),
TIME-OF(pi) = TIME-OF(BGEN(pi)).

Finatly, we have the constraint that the generator
of a composite plan instance is equal to the com-
position of the generators of the plan instance’s
components:

BGEN3)
For ail plan instances (pi, and piy),
BGEN(CMP(piy, pir)) = CMPBGEN(pI,),
BCEN(piy)).

The R Accessibility Relation and Interpretation of INEV

The truth value of the sentence (INEV i P) directly de-
pends on the R accessibility relation, a three-place relation
taking an interval and two world-histories as arguments.
R, ho, i14) €an be read as: h, is an alternate way the future
might have unfolded with respect to h, at time i. The in-
terpretation of (INEV i P) is given by

For every world-history (h,), sentence (5),
and interval term (/) UNEV i S} is true at by iff
for every world-history (hy)

if REVUi), ho, hy) then § is true at h,

where Vi) is the interval (member of INT) that the term i
denotes.
The constraints we place on R are as follows:

if RUiy, by, hy) is true then hy and h, share a common past up
until the end of interval i, We therefore impose the fol-
lowing constraints:

R
For all world-histories (hy and hy),
properties (p) and intervals (i, and i, ),
if Rt,, hy, h,) and ENDS-BEFORE(,, i) then
hy eHOLDS(p, i, ) iff h, #HOLDS(p, J,).

R
For alt world-histories (hy and h,),
event instances (¢/) and interval (i),
if Rliy, o, hy) and ENDS-BEFORE(TIME-OF(ei), i)
then hy €OCCiei) iff h, €OCClei)

where ENDS-BEFORE(,, i) means that 1, ends before i, or
the intervals end at the same time.

) TR R TN

WHLEHIN \ -
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An alternative world-history at time i, is an alternative at
all earlier times.

For all world-histories (hg and h,),
properties (p) and intervals (i, and /,),
if Ry, hg, hy) and ENDS-BEFORE(,, iy} then RUe, he, hy)

R is an equivalence refation for a fixed time.

R (reflexive)
For alt world-histories (hy) and intervals (i),
R, hg, hy) is true,

RS) (symmetric)
For all world-histories (ho and h,) and intervals (i),
if RU, hg, hy) then RU, by, he).

R6) (transitive)
For all world-histories (he, hy, and h;) and intervals (i),
if R(i, hq, hy) and RU, hy, hy) then RU, hg, hy).

The Selection Function F,

The truth value of the sentence (IFTRIED pi A directly de-
pends on the seiection function F This function has do-
main BP! x Hand range 2. 1f basic plan instance bpi s stan-
dard conditions hold in world-history h, then, F(bpi, h) is
the set of “closest’” world-histories to h where bpi occurs.
If the standard conditions do not hold, F+(bpi, h)is setequal
to {h}. The approach of giving semantics to counterfactuals
interms of a “closeness” accessibility relation follows from
the work of Stalnaker [17] and Lewis [11). Very roughly
(using Stalnaker’s formalization), the counterfactuat “1F A
then C” is true at world w,, if C is true in the closest world
10 w, where antecedent A is true fif such a world exists). The
reason for having a “closeness’” measure on possible worlds
seems to stem from a pragmatic principle on how one eval-
uates counterfactuals. This is best captured by the follow-
ing test proposed by Frank Ramsy:

Suppose that you want to evaluate the counterfactual “If
A then C.” First you hypothetically add the antecedent
A to your stock of beliefs and make the mimmal revision
required to make A consistent. You then consider the
counterfactual to be true iff the consequent C follows
from this revised stock of beliefs.

What one can say about a general notion of “closeness”
is quite limited. Most matters of “closeness” are decided
by pragmatics, not ics. In both Stalnaker's and Lewis’
approaches, only a few, ly obvious ¢ ints (such
as if A is true at wq then the closest world to wowhere A is
true is w, itself) are placed on the “closeness’ relation. In
our theory, we are only treating counterfactuais of a par-
ticular form: “if pi were to be attempted P would be true.”
This aliows us to impose additional Constraints on our
closeness relation Fthat arise from the specific nature of
these counterfactuals and their intended use: to reason
about which actions can be physically executed together.
Qur intuitive picture of “closeness’ is as follows. Roughly,
if h, is a closest world-history to hy where basic plan in-
stance bpi occurs (and not equal 1o By ), then h, differs solely
on the account of executing bpi, or any basic action that
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physically cannot be done in conjunction with bpi, or any i, such that the ciosest world-histary where bpi occurs is h .
basic plani ewhose dard conditions are violated itself. ()
by bpi. There are alternative conceptions of “closeness,” fcLe ) h )
but we argue in [15), that this conception is the most ap- for o . r o \

h e ? Ny all world-histories (h), and intervals (i), W X) 1)
propriate for reasoning about what actions possibly can be there exists a bpi€BP! such that PRIOR(, TIME-OF(bp) Ty '0““'.'5
done together. and F 4bpi, h) = {h} Q“ ::Q'D'Q

The interpretation of (IFTRIED pi S) is given by: ! DLl
P ivis)i ) . - . B
For every world-history (hy), sentence (S) where R!OR(:, h)is defined as: interval iy immediately pre- — -
’ cedes or is before i, )
and plan instance term (pi), P Y J& ‘ﬂ‘. ,
(IFTRIED pi S) is true at hg iff ,‘ H'\'J'& 3
for every world-history (h,) The following constraint captures the fact that if a set of Pt s
it h &F(BCENINPIN, hy) then § is true at h, world-histories S is reachable by first going to the clos« t '..:‘ }-: !2). ey
. . world-history where bpi, occurs and then going to the clos- PN Mgt
:‘:e'r:':pl) is the plan instance (member of /) denoted by est world-history where bpi, occurs, then there is a third ,"::.":.."t:\ .,
pr. world-history bpi, that reaches exactly the worid-histories N -_ﬂ. Patrtatie
This can be read as saying that (IFTRIED pi P) is true at in § and has a time of occurrence equal to the smallest in- e
world-history h iff in all closest world-histories to Ay where terval that contains both bpiy's and bpiy's times of occur- \‘ ’
pi’s basic generator occurs, P is true rence: ' $ 'i. l‘|
In this paper, we only present the most general prop-
erties that F, must have. in [15) we discuss additional con- F(.;L:')mw world-history (h)
straints that may be imposed on £ and discuss under what and Y . "’fhd' J .

" . plan instances (bpi, and bpi,), .l p 000 070 (
conditions they are appropriate. For convenience, we de- there exists 3 basic plan inst bpr) RSN
fine F.; by extending £ to take world-history sets as its sec- 3 Dasic plan instance (bpry S ‘lz:’ WO
ond “" ment o such that TIME-OF(bpiy)) = TIME-OF(CMPpis, bpiy)) b! LX) :"'!

Lo and Flbpr, h) = Filbpry, Folbpiy, P, X
Feitbpi. hS) = gutUnens Fulbpi, h). Fqand R are related by the foliowing constraints: N LR >
The constraints we impose are as follows: R-Ci-1) / 4 \ “S(
There will always be at least one ciosest world-history For all world-histories (ho and h,) ‘ W
FeLr basic plan instances (bpi) and intervals (i), 't“‘q' LAY :
) : if hyeFo((bpi, hq) and PRIOR(, TIME-OF(bpil LA,
For every world-history (4} then RUi, by, hy) (J ‘I" Y
and basic plan instance (bpi), Fulbpi, h) » 2. it () l‘]. ‘%
. . . . {d-hi R-CL-1can be read as saying that if b, is a closest world-his- Wil e f
':" basic pl:n '"“":“ bpi “c“::‘f" awor : istory h then tory to hy where bpr accurs, then h, is possible with respect ® 1
there is :" y °“'h‘ °5|°"kw?" 'd'“"’Y where bpi “:”" t0 hq at all times up until the beginning of bpi's cxecution T
and it is h. In both Stainaker’s and Lewis’ modets, we have time. Thus hy and h, share a common past up until the be- o “fs-\" h
the analogous constraint that if proposition A holds in ginning of bpi‘s execution time. g "'\'.\ {h‘
W"?&"’,"“'Yf”"' ':"” the closest world-history to we where The following constraint leads to the fact that if h, and > \ &
A holds is w, itseif. hy share a common past up until the end of bpi's execution :ﬁ:..'ﬁ" 4
FCLD time, then any closest world-history to h, can be matched '|:-
For every world-history (h) and basic plan instance (bpi), with alclosesg world-history to A, that it share a common ¥ n “'
if heOCC(bp1) then F (bpi, h) = {h}. past with until the end of bpr. MO DAL
The foliowing constraint relates a composite basic plan RCL-2 v, ~p
instance to its component parts: For all world-histories (ho, Ay, hem, Pern) "'ﬁ"
and basic plan instances (bpi) "‘u,, !:I:Q‘
FCLy if RCTIME-OF(bpi), hg, hy) and h & (bpi, hy} (‘a,‘f' D) '.!!
For every world-history (h) then there exists a2 world-history (M, ) such that \ ':t.
and basic plan instances (bpi\ and bpiy), heer8Flbpi, hy) and RTIME-OF(5pi), b, Menr). A "!'.:I'j
it Filbpiy, Folbpty, h) & OCCICMPbPiy, bpig) '...l.
then F.{CMPbpi,, bpiy), h} = Fylbpiz, Felbpis, ). VI. Conclusion "2 98 holgt
This can be explained as follows. Let S be the set of world- The logic presented in this paper extended Allen's linear . .
histories that are reached by first going to a ciosest world- time logic with the INEV modality which expresses tem- ‘. ‘.'. ..
history where bps, occurs and then gaing to a closest world- poral possibility and IFTRIED which is a counterfactual-like '
history where bpi; occurs. If both bpi, and bpi, occur in modality that can be used to represent sentences describ- .. ':. . )
every world-history belonging to § (or equivalently, if ing how an agent can affect the worid. This extends the class 'i 'b )
CMPbp1,, bpry) occurs in every world-history belonging to of planning problems typically handled by the situation cal- A " ';
$), then the closest world-histories to h where the com- culus. In particular, a planning environment can be rep- |'|‘
position CMPbpi,, bpi;) occurs is exactly S. resented that has assertions about the past, present, and f‘ .l.
The next constraint says: for all world-histories h and future, not just assertions about the current state. Plan in-
umes /, there is always a basic plan instance bp/, later than stances can contain concurrent actions and have any ex-
ooy
g “ ‘:
e l"‘.'::.l!
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ecution time; they are not restricted to be sequences of ac-
tions to be executed in the current situation. Finally, 2ny
temporal statement can be a goal statement; we are not re-
stricted to goals that describe conditions that must hold just
after plan execution.

The IFTRIED modality can be used to specify which prop-
ositions can and cannot be affected by the robot’s actions.
Without making extensions, neither McDermott's or Al
len’s logic could encode this type of statement. We have
shown how to use IFTRIED to represent that some condition
cannot be affected by the agent’s actions, such as whether
or not it is raining, and to represent that some condition
could always be made true regardless of the external cir-
cumstances.

By nesting the IFTRIED operator, we can represent how
plan instances interact with each other. We presented suf-
ficient conditions that guarantee that two plan instances
can be executed together. Other forms of interaction can
also be represented. For example, the logic can represent
that two plan instances can be separately executed, butcan-
not be executed together. This might be the case if the two
plan instances had concurrent execution times and shared
the same resource.

In the last section, we presented the modet structure
which consists of a set of possible worid-histories related
by the R relation which is used to interpret INEV and the
F function whichis used to interpret IFTRIED. F embodies
the notion of “closeness.” The approach of interpreting a
counterfactuai-like modality in terms of “closeness”” ac-
cessibility relation derives from Lewis’ and Stalnaker’s se-
mantic theories of conditionals.
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Appendix A-6

PLANNING WITH ABSTRACTION

Josh Tenenberg
Department of Computer Science
University of Rochester
Rochester, NY 14620
josh@rochester

Abstract

intelligent problem solvers for complex domains must have the
capabulity of reasoning abstractly about tasks that they are called
upon to solve. The method of abstraction presented here allows
one to reason analogically and hierarchically, making both the
task of formalizing domain theories easier for the system
designer, as well as allowing for increased computational
efficiencies. it is believed that reasoning about concepts that
share structure is essent:al to improving the performance of
automated planning systems by ailowing one to apply previous
compuational effort expended in the solution of one problem to a
broad range of new problems.

1. Introduction

Most artificial intelligence planning systems explore issues-of
search and world representation in toy domains. The blocks world
is such a domain, with one of its salient and unfortunate
characteristics being that all represented objects (blocks) are
modeied as dbeing perfectly uniform in physical features. We
would like to mode! a richer domain, where objects bear varying
degrees of similarity to one another. for instance, we might wish
to model blocks and trunks, which are both stackable but of
different sizes and weights, or boxes and bottles, which are both
containers but of different shape and matenal. As a consequence
of solving problems in this richer domain, we will want plans to
solved problems to be applicable to new probiems based upon the
similanites of the objects to be manipulated. So, for instance, a
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
atmore detailed leveis. We wiil present a representation for plans
of varying degrees of abstraction based upon a hierarchical
organization of both objects and actions that provides a
qualitative similarity metric for problems posed to the planner.
This plan representation has the following property. When a plan
is expressed at a high level of abstraction, it will appiy to a wide
class of probiems but with littie search information, while, when
expressed at lower levels of abstraction it will apply to fewer
problems but give increasing amounts of information with which
to guide search.

%. Object and Action Abstraction

A common way 10 represent physical objects is within a
taxonomic hierarchy [Hendrix 1979). A graphic exampie of part of
one such hierarchy is given in figure 1. An arc from node v to node
w indicates a subset relation between these types. Therefore, all

This work was supported in part by the National Science
Foundation, grants OCR-8405720 and 1ST-8504726.

objects of type v are also objects of type w, and inherit all
properties provable of type w. We wili call w an abstraction of v,
and v a spacialization of w. These taxonomies enable us to make
assertions about a class of objects that we need not repeat for all
of its subclasses. So, for instance, if it is asserted that all
supportable objects can be stacked, then it need not be asserted
separately that blocks can be stacked, boxes can be stacked, and
trays can be stacked. It suffices to assert that blocks, boxes and
trays are all supportable objects. This structure is not strictly a
tree, which means that each object can be abstracted along
several different dimensions, with the effect that every node
inherits all of the properties of every other node from which there
is a path. For example, a Bottie is both a Container and 3 Holdable
object , since there are paths in the graph from Bottie to both
Holdabie and Container. Note that this structure agmits no
exceptions. We prefer instead to weaken those assertions we can
make of a class in order 10 preserve consistency.

PhysObs

RN

Supporter Contents Container

T/

Block Box Tray HoldCont

/' \ Room

Impermeable  Cart

/X

Glass Bottle
figure 1

We would like to represent actions similarly. Typically
[McCarthy and Hayes 1969], actions are represented in terms of
those conditions that suffice to hold before the performance of
the action (called preconditions) that ensure that the desired
effects will hold after the performance of the action. However, an
inherent inefficiency with this is that many actions share
preconditions and effects which must be specified separately for
each action, providing no means with which to determine which
actions are similar and hence replaceable by one another in
analogous problems.

What we will do aiternatively is to provide an action
taxonomy, by grouping actions into inheritance classes. An
example of a partial action hierarchy is given in figure 2. The
boxed nodes denote actions and the dotted arcs between actions
denote inheritance. As with the object hierarchy, if there is an
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inhentance arc from action v to action w, we say that v is a
specialization of w, and w is an abstraction of v. The solid-arcs
from a literal into an action dencte necessary preconditions for
that action, and the solid arcs from an action to a literal denote
effects of that acuon. Each action inherits all preconditions and
effects from every one of its abstractions. So, for instance,
CarriedAloft(x) is a precondition of placein(x,y) inherited from
putix,y), and In(x,y) is an effect of placein(x.y) inherited from
contain(x,y). As we proceed down this graph from the root node
traversing inheritance nodes backward, by collecting the
preconditions for each action encountered, we are adding
increasing constraints on the context in which the action may be
performed in order to have the desired effects. At the source
nodes, which represent the primitive actions, the union of all of
the preconditions on every outgoing path constitute a sufficient
set of preconditions. An action can oniy be applied if its sufficient
set of preconditions are all satisfied in the current state. The
sufficient set of preconditions for place/n8ox has been italicized,
and is exactly the union of those preconditions for each action
type on all paths from placeinBox to contain. Additional action
hierarchies we might have are remove with specializations
pourOut and liftOut, and the hierarchy open, with specializations
openDoor and removelid.

NextToR0ROT, ) %,
NextTo(ROBOT, y) contain(x,y) | — in(x,y)
¥ A

Container(y)
ConnectedTo(ROBOT, x)

. .
" .

Room(y} —

Pushable(x) — I pushin(x,y) put(x,y)
pusnablet) —g foushintxy)|  fputtxy)]
¥ w
CarriedAloft(x)
in(x,2) In(ROBOT.y)
Opon(z\
Held(z} \}‘ .+ Reachinable(y) placeln(x.y)

pourin(x,y,2z) "

! In(hand(ROBOT)y)  -*  °

Empty(z) .

lplacelnsox(x,y)] [drop(X.Y)]

8ox(y)
figure 2

Wi. Man Abstractions

Panning involves finding a temporally ordered sequence of
primitive actions which when applied with respect to the temporal
ordering from a given initial state produces a state of the worid in
which the desired goals hold, and for which the sufficient
preconditions for each primitive action must be satisfied by the
state in which the action is performed. in this paper, a total
temporal ordering of actions will be used for simplicity, although
the ideas presented here can be extended to more general
temporal orderings (partial orderings [Sacerdoti 77], concurrent
actions (Allen 84]). Such a totally ordered sequence of actions will
be called a primitive pian, or simply 8 plan. Finding plans to solve
given problems involves searching for a state of the world which
satisfies our goals from those states of the world which are
possible from the initial state through the performance of one or
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more actions. To reduce this search, we will make use of plans
that have already been found for solving previous problems. In
order to use saved plans, the simianty between the previous
problem soived by this plan and the current probiem we wish to
solve must be evaluated. We describe plan graphs which are a
means for performing this evaluation. These plan graphs are
generalizations of triangle tables [Fikes, Hart, and Nilsson 1972).

Using explanation based generalization [Mitchell, Keller, and
Kedar-Cabelli 1985] technigues, from a primitive pian a plan graph
is constructed which embeds the causal structure of the primitive
plan such that the purpose of each plan step can be determined.
Each action is represented not only as a primitive, but as a path
from a primitive to an abstract action taken from an action
hierarchy, where the causal structure enables us to determine
which hierarchy to choose. Given a new probiem, this plan graph
is searched for its most specific subgraph whose causal structure is
consistent with the new prablem. This subgraph represents an
abstract plan for the new problem, and will be used as a guide for
finding the primitive plan for this problem. f an action in the
original plan cannot be applied due to some difference between
the oid and the new problem, such as a difference in
corresponding objects manipulated, (e.g., a ball in one case, 8 box
in the other) we can replace this action by choosing another which
is a different specialization of the same abstraction (pickup8all
replacing pickupBox, both of which are specializations of pickup).
Thus many probiems can be solved by performing search within
the constraints of the abstract plan we have retrieved for this
problem, rather than having to perform an unconstrained global
search.

A plan graph of a plan will have nodes for each action in the
primitive plan, and nodes with directed arcs for each precondition
and effect of these actions If an effect of an action sausfies a
precondition of another, this will appear as an arc from the first
action, to 1ts effect, to the second action These causal chains
establish the purpose of each action in terms of the overall goal of
the plan. We will formaily define plan graphs in two stages. The
first stage includes only the causal structure, while the second
incorporates abstractions.

A plan graph G = (V,E) for primitive plan P 1s a directed acyclic
graph where V and E are defined as foliows. The set of vertices is
partitioned into two subsets Vy and V,, precondition nodes and
action nodes. Likewise, E is partitioned into two two subsets E.
and €, causal edges and specializition edges. For every action in
P, there is a node in V, labeled by its corresponding action. If p is
an effect of action a in P, then there is a corresponding node in V,
labeled p, and the edge (2.p) is in E., and for every action bin F
that this instance of p satisfies there is an edge (p,b) in E.. For
example, if action A1 establishes condition X which is &
precondition of action A2, then (K,A2) is in E¢ if and only it there
does not exist action A3 that occurs after A1 but before A2 that
cobbers K (establishes ~K). Clearly any precondition of each
action that is not satisfied by a previous action must be satisfied by
the initial state. For every such precondition p there is a
corresponding node in V,, labeled p, and for every action a in P for
which this instance of p is a precondition, there is an edge (p.8) in
E.. Each action node in E, 15 additionally labeled by a number
indicating its temporal order, the nth action labeled by n.

This graph will be specified further by the addition of action
abstractions, but note that as it stands it is similar to & graph
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version of triangie tables [F <es, =art. and Nisson 1972], and
fulfills much the same function Ve can Jse the same technique as
used in triangie tables for gererauzing a ptan by replacng all
constants in the action and precongition nodes by variables, and
redoing the precondition proofs 10 ada constraints on variables in
different actions of the plan that snouic be bound to the same
object (see previous reference for details). These constraints will
have 10 be acded 10 the graph as acditional preconditions, but are
left off 1n our examples for clanity The preconditions for this plan
graph are the set of source noaes (nodes with na incoming arcs),
and the goals of trus pian graon are the set of sink nodes (nodes
with no outgoing arcs). This graph has the property that any
subset of its goals can be acheved from any initial situation in
wnich we ¢an instantiate all of the preconditions by applying each
of the actions in order A plan grapn for the problem in figure 3 of
moving a ball from one box to another is given in figure 4 (nodes
representing preconditions satisfred by the initial state rather than
by a previous action are not included in this figure). This graph
will be altered to inciude abstract actions 1n a straightforward
fasimon

figure 3
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In(k,y)
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ConnectedTo(ROBOT, x) CarnedAloft(x) NextTo(ROBOT.y)
L 3
' i

Ithu\(n,z)] ImovoTo(ROBOT, y) l

\
®
NextTo(ROBOT,x) el
v ™~ [ru(h!nao:(hand(ROBOT). 2) I@

figure d

Figure 515 an example of the altered plan from figure 4 (the
outlined subgraph of figure § will be explained later). This
alteration 1s done as follows. For each primitive action Ag i V,,
we will add nodes to Vv, labeled A, A;, .., A, (where n may be
different for each primitive action) and edges to E, labeled (Aq,
Ay), (A, A7), ., (Aa), An), where there exists some action
hierarchy such that A, 1s an abstraction of each A, for k<i, and A,
satisfies at least one etfect p for which there exists a node in V
iabeied p and an edge in €. labeled (A, p). More simpiy, we add
an abstraction path from an action hierarchy to the plan graph
We then redirect each preconaition arc (p. Ag) to point to the
highest abstra-tion A, for which there 15 an arc (p, A)) in the chosen
action herarcny. In other words, p 1 a precondition of abstraction
A, but not of any abstractron of A, For instance. placeinBox is

Grasped(x)

replaced by the abstraction sequence piace!nBox, placein, put,
contain, and the preconditions NextTo and ConnectedTo are
redirected to contan, while CarriedAloft is redirected to put. We
additionally redirect effect arcs (Aq, p) such that the effects come
from the highest abstraction A, for which there 1s an arc (A, p)In
the chosen action hierarchy. in other words, p i1s an effect of
abstraction A, but not of any abstraction of A,. Turning again to
figure S, the effect arc into ConnectedTo 1s redirected to come
from attachToAgent, since this will be an effect of every
specialization of this abstraction, and the effect arc to Grasped is
redirected to come from grasp. We will additionaily add temporal
numberings to each abstraction on a path from each primitive
action (although the examples will only number the highest
abstractions for each action).
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figure §

The pnmitive action nodes of this plan graph indicate the
primitive plan that solves the problem for which the plan was
constructed. The distance between an acton node and one of the
goais of the entire pian graph along its shortest causal chain is a
rough measure of the significance of the action to the overall
plan. The shorter the distance, the more hkely this action or an
abstraction of 1t will be required 1n a simitar problem; the greater
the distance, the less Iikely this action will be useful in 2 similar
problem. Thus plan can thus be abstracted by one or both of the
following: removing causal chains from one or more preconc.tion
nodes, and removing specialization paths from one or more action
nodes. Each resultant partial plan graph represents a plan with
some of the detail unspecified.
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More formaily, a partial plan graph P of plan graph P’ 15 any
subset of the nodes and arcs of P’ such that no source nodes are
action nodes, at least one sink node (goat) of P’ is in P, and these
wiil be the only sink nodes in P, and for every node in P, there
exists at least one path from this node to a sink node (unless that
node 15 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* wiil be
added to P along with this arc  We will additionally “mark” each
source node in P that was also a source node in P'. This mark
indicates that this precondition is satisfied by the initial state of
the original problem, as opposed to being satisfied by the
performance of a previous action. The reason for marking these
nodes will be explained later. From this definition, there will be
several partial plan graphs that can be constructed from a given
plan graph. The subgraph outlined by the dutted line in figure 5 is
one exapmie. As before, the preconditions of a partial plan graph
are the formulas attached to the source nodes (not included in the
given figures), while the goals of each partial plan graph are the
formulas attached to the sink nodes.

Figure 7 (s the plan graph for a plan to solve the problem from
figure 6. Here a box must be moved between rooms. in both this
problem and that of figure 3, the goal i1s to move an object from
one container to another. This draws analogies between rooms
and boxes, which are both containers according to our object
hierarchy, and between placing objects 1n boxes and pushing
objects into rooms, which are both containment actions,
according to our action hierarchy. At an abstract level, the plan of
attaching the object to the agent, and moving the agent from one
container to the other suffices for both problems, and in fact this
1s the abstract plan represented by the identical partial plan graph
that is outlined by the dotted line in both figures S and 7 So
although the probiems that these graphs soive are different, at
this ievel of abstraction they are identical.

1 L

= | T
¥

figure 6

We can generalize from this in that for any partial plan graph
P of plan graph P', there will exist » set [T of plan graphs for which
P will be a partial pian graph of each of them. That is, P will
descrnibe each primitive pian of each element from this set at some
level of abstraction We wiil use the symbol I1p to denote the
largest such set. For instance, if we label the outlined partial pian
graph of figure 5 K, then the graphs of figures S and 7 are in Iy
We will say that the primitive plan of each member of Ip is an
expansion of the partiai plan graph P. The more gererai P is, that
is, the smaller a subgraph of P’ it is and hence the more abstract
each of its constituent actions are and the smalier its causal chains,
the larger will be the cardinaiity of Tp. We wiil say that partal
plan graph P solves problem Q if and oniy if there exists an
element of [Ip whose primitive 'plan solves Q for some
instantiation of ail of its variabies by ground terms.

Given a partial pian graph P and a probiem instance Q that P
solves, we can find an expansion of P *hat soives Q by only
searching for specializations of the abstract actions of P without
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having to backtrack through the actions of P itself. P thus serves as
an abstract guide to solving Q. So, for instance, given the parual
plan graph outlined in figure S, we can find the remainder of the
primitive plan (those actions not inside the dotted line) that solves
the problem from figure 6 by only having to do local search. By
this, we mean that for any non-primitive action in this partial plan
graph, (such as contamn, in figure 7), we follow arcs backward
through that abstract action’s specialization tree (figure 2 in this
case) untl we find a primitive action whose preconditions are all
satisfied by the state in which it is executed (pushin, in this
example). f no such prnimitive exists, then additional primitives
must be inserted in this plan to establish the suffic.ent
preconditions for some specialization, where these inse-ted
actions do not clobber preconditions of any of the already
established succeeding actions.

Unfortunately, we cannot in gencral know if a given parual
plan solves a given problem instance uniess we perform the
possibly unbounded iocal search ‘or the primitive plan that
verifies this. it may not be possible to find specializations of each
extant abstract action without red “fering some of the actions,
and therefore backtracking through and aftering the partial plan
graph itseif. Although we are not guaranteed certainty, we can
still use the plan graphs as a heuhistic for search. We will define a
partial pian graph P as being applicable to a probiem Q if and only
if the goals of Q are a subset of the goals of P, and the marked
preconditions of P are a subset of the conditions that hold in the
initial state of Q. Recall that we marked ail of those preconditions
in a partial plan graph that were satisfied by the imitial state of the
original problem. Applicability thus means that the current imtial
state satisfies the same preconditions at thus level of abstraction as
the original initial state.

Suppose we wish to find a primitive plan for problem Q
consisting of an initial state and a set of goals (for simphaty we

PV TR ,“....

pouomn
R
| SN ]

RN

e o
e '.."::f
\& )

N

o

%

I8
.

'y
.“*l
5;'

&
l. [
{‘.;;*"l
KPP EL A
Sy

e
2 o
" by
=
2t

#3
n
Pl |

Dt
g
oA

SN

&
>3

[

L e
2
LT
KRR

.
P

)
WA




et g atavata At 8 b 2 AT 20k 08 8 4 08 0 4 LY g, MUY O o UWUVLURUALS TR T RN RN W W ¥ . W SRR AL A "i.‘
SRR,
Nl
T a s
4 [ ]
n.h:,'i’k ‘
:(:J'::-‘: .
wiil assume that this goal 1s a single literal) Additionally SUPPOSe  caneral levels, where the importance of a precondition is .::\::-‘:\._.‘-
that the goals of plan graph P are the same as those of Q We will  getermined by the height at which 1t appears in the action :-f::f:-‘:"‘:
attempt to find the most speciaiized parual plan graph P of P for  pigrarcny. Second, the search space of the new problem can be RISAUACAC
which an expansion exists that will solve Q, even though it 15 gxpigred along those paths that do not match the original ® (3
possible that no such P exists. We will do this by traversing P gr5piem, while attempting 1o leave intact those paths that do AN
backward from its goal node through the causal and match. ﬂ ".0 o",
specialization arcs, considering increasingly larger partiat plans of We must point out that the abstraction described in this paper .;_-:( ,\‘%':
P. We will continue this traversal as long as the partial plan ¢ not been implemented for even a small domain In fact, one ..‘n'l.."'.l‘
represented by all of the paths pursued is still applicable 10 Q. o the obstacies to doing such an implementation is that one may > '.‘1‘
Stopping when we can no ionger traverse any arc and still have i gly only see benefits in a large domain. Thus, there will be little £ ) :.'..‘I“:I‘
applicability of the current parual plan to problem Q. The size of  p4int 1o use this method as a representation for the vanilla Liocks _
the partial pian that we have constructed is thus a qualitative  orig. An additional issue is in the choice of problems that the
measure of similarity between the original probiem and the [ ciem will encounter. One can always construct problem
current one. if there are only insignificant differences, the partial sequences given as input to the probiem solving system such that
plan may be equivaient 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 resuit 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  ype apstractions will give quite poor performance. The uitimate
the exponential nature of searching through combinatorial g of g set of abstractions will therefore be empirical in that they
spaces. knowing the temporal ordering of even a few of the ¢ he cost-effactive (in terms of some resource measure) only as
action abstractions that will eventually appear specialized 1n our compared with other problem solvers (human or machine) for a
plan may heip 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 pianning 1s typically viewed in terms of this paper. The importance of this work s in how we can structure
decompositional abstraction as used in NOAM-like planners knowiedge for solving problems in domains that are far richer
[Sacerdot: 1977). In these planners, action A 1s an abstraction of than the ones in which the current generation of planners have
actions B,C,D 1f 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 1o inheritarce abstraction presented here.
ATSTPS [sacerdon 1974, aithaugh uing different PO TN 1 T 200aer, Ouns Belurs, o 1o
fe(hmques. shares some important similarities. ABSTRIPS is an worthwhi?e,'t:l.eo Nagrtman,gwho always seems to have an answer
iterative planner, where increasingly large subsets of  \hen 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
iteration. The deveiopoed plan at each level 1s then used to guide hierarchies.
search at more detaiied levels, where the satisfaction of emergent References
preconditions 1§ attempted locaily, similar to what is done in this
paper [Allen 84)
Of even greater similarity, but within a different domain, is Alien, J.F., “Towards a General Theory of Actionand T:
the work presented in [Plaisted 1981), who uses abstraction within _ Antificial Intelligence 23:123 - 154, 1984.
a theorem prover. He details how a desired proof over a set of (F'k:i‘:':nk' ':::"’;on ;g;zrl'm“on N., "Learning and executing
clauses can be obtained by first mapping the clause set to a set of generalized robot plans”, Artificial Intelligence 3:251 - 288,
abstract clauses, obtaining a proof in this (hopefully simpier) 1972
space, and then using this proof as a guide in finding the proof in [Hendrix 1979)
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.V. 1979
saved plan space - but rather than constructing an abstract plan [McCarthy and Hayes 1969] - . .
for each new problem, we attempt to appropriate one from a McCarthy, 1. ard Hayes, P. ‘Some phg!osopr:ucal problems
: forom the standpoint of artificial intelligence”®, In B.Meitzer
previously solved probiem. and D. Michie (editors), Machine Intelligence 4, 1969.
e . o b, 5. “Eglnaon
. LT, er, R. r-Cabelli, S., x 0
The primary motivation for using abstraction was so that Bals:d‘cmnli.ution: : Unifyi:q View®, Rutgers gompuler
search for solytions to new praoblems can be improved by using Science Dept, ML-TR-2, 1985,
solutions to old problems. We beiieve that this approach can be [Ptaisted 1981]
used to these ends 'n a domain in which objects are Plaisted, D., “Theorem Proving with Abstraction”, Artificial
distinguishable at various ievels of detail. We will try matching intelligence 16:47-108, 1981
abstract plans to problems that have the same goals. Any such ls“;;::rt;:)?-uil “Planning 1n a hierarchy of abstraction spaces”
. | L., v
new prgblom whose 1nitial vstate does not contain l/ of the Artficial intelligence 5?‘ 15- 135, ,971
preconditions of the original intial state will thus not match the {Sacerdoti 1977)
abstract plan at every level, but will likely do so at some fevel. The Sacerdoti, £. A str re for plans an havigr American
partial plan graph stll provides two important functions in this Eisevier Publishing Company, New York, 1977
case. First, 1t ignores “unimportant” preconditions at the most
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b3 Appendix A-7
! .
n Constraint Propagation Algorithms
N for Temporal Reasoning
,
; Marc Vilain Henry Kautz
BBN LABORATORIES UNIVERSITY OF ROCHESTER
¢ 10 MOULTON ST. COMPUTER SCIENCE DEPT.
! CAMBRIDCE, MA 02233 ROCHESTER, NY 14827 °
K Abstract: This paper considers computational aspects of several  The Interval Algebra
5 ternporal representation languages. It investigates an interval-based Alien’s interval aigebra has been described in detail in (Alen 83].
[ reprasentation, and a point-based one. Computing  the in brief, the slements of the aigebra are refations that may exist SR
K, cons nces of lemporal assertions is shown 1o be co onall between intervals of time. Because the aigebra allows for X Y
: eque mpo mputationally _ sy
48 intractable in the interval-based represertation, but not in the point.  indefiniteness in temporal relations, R admits many possbie relations o‘:‘l it
. based one. However, a fragment of the interval langusge can be b‘“"':s".d"""'v"'; @ ’u‘:‘) But “’.‘:t“‘“‘ M"m can be ".'0:"0“
X xpressed using the point language fits from the tractabil expressed as vectors o e simple relations, of which there are
Ot ang eing the point and banefis fro W ony indsen? The thteen sinple reiations, whose defintions
. ' appear in Figure 1, precisely characterize the relative starting and ady
M The representation of time has bcen a recurring concem of  ending points of two temporal intervals. I the relation between two !
1 Artificial Inteligence researchers. Many representation schemes intervals is completely defined, then ik can be exactly described with
) have been proposad lor temporal reasoning; of these, one of the a simple relation. Alternatively, vectors of simpie relations introduce
" most attractive is James Allen’s aigebra of temporal intervais [Allen  indefiniteness in the description of how two temporal intervals relate.
K 83]. This representation scheme is particularly appealing for 1S vectors are interpreted as the disjunction of their constituent simple
X simplicity and for its sase of implementation with constraint relations.
\ propagation aigorithms.
Reasoners based on this algebra have been put 10 use in several
> ways. For example, the planning system of Allen and Koomen . .
h e {1983] relies heavily on the temporal aigebra to perform reasoning A BEFORE 8 8 AFTER A pft) Sty
) : sbout the ordering of actione. Efegant approaches such as this one
12} may be compromised, however, by computational characteristics of
v the interval aigebra. This paper concems itsef with these AMEETS B B METSY A A [ ]
« computational aspects of Allen’s aigebra, and of a simpler aigebra of / 7 7
Ly time points. A
. Our perspective here is primarily computation-theoretic. We ~ s
N approach the problem of temporal representation by asking AOVERAPS 8 SOVERLAPPEDBY A f—
S questions of complexity and tractabilty. In this light, this paper
.: examines Allen’s interval aigebra, and the simpler aigebra of time A
~ poirts. A STAATS 8 SSTARTEDSY A 7
a The bulk of the paper eslablishes some formal results about the S
temporal aigebras. in brief these results are: N
o Determining consistency of statements in the interval A DURNG 8 & CONTANS A A~
algebra is NP-hard, as is determining all consequences f———"
" of these statements. Allen's polynomial-time constraint
A propagation algorithm is sound but not complste for .
these tasks. ABOSS SBOEY A . £ A~
M oin contrast, constraint propagation Is sound and
N complete for computing consistency and consequences
N o':uniomhlhn% time point aigebra. It operates in /__f___/
o !tlmoandO( ) space. AGOUAS 8 8 BOLUAS A Sy
.}: -Amodmmu:“nmutmmmu
§ formulated in terms of the aigebtva. Constraint : .
.(.‘ on is and e for this oy Figure 1: Simpie relations in the interval aigebra
8 Throughout the paper, we consider how these formal results affect
A practical Artificial inteligence programs. Two examples will serve to clarily these distinctions (please refer
‘!\{ 1o figure 2). Consider the simpie reistions BEFORE and AFTER.
they hold betwoen two intervais that strictly follow each other, whhout
. overiapping or meeting. The two differ by the order of their
e O
$ ‘ml-z“ mm.-hmmuhmz-nd“:md .r:.*
"This ressarch was supporied in part by the Defense Advanced Research Projects  Uiversaly sxistontislly quantfed empressions ivohing only one Fuly primitve o
“':' Agency, under coniracts NG00 4-85.C-0079 and N-00014-77-C-0378. roiaton. For deuaie. ses {Allen & Kayss 85] X
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arguments: today John ate his breakfast BEFORE he ate his unch,
and he ate his lunch AFTER he ate his breaklast. To illustrate
relation vectors, consider the vector (BEFORE MEETS OVERLAPS).
it hokis between two intervals whose starting points strictly precede
each other, and whose ending points strictly precede each other.
The relation between the ending point of the first interval and the
starting point of the second is left ambiguous. For instance, say this
moming John started reading the paper before starting breakfast,
and he finished the paper before his last sip of coffes. f we diant
know whether ha was done with the paper before starting his coffee,
&t the same time as he staried i, or ater, we would then have:

PAPER (BEFORE MEETS OVERLAPS) COFFEE

Returning to our formal discussion, we note that the interval
sigebra is principally defined in terms of vectors. ARhough simple
relations are an integral pan of the formalism, they figure primarily as
a convenient way of notating vector relations. The mathsmatical
operations defined over the aigebra are Qiven in terms of vectors; in
& reasoner buik on the temporal aigebra, all user assertions zre
made with vectors.

Two operations, an addition and a multiplication, are defined over
vectors in the interval aigebra. Given two ditferent vectors describing
the relation between the same pair of intervals, the addition
operation “intersects” these vectors 1o provide the least restrictive
relation that the two vectors together admit. The need 10 add two
veciors arises from situations where one has several independent
measures of the relation of two intervals. These measures are
combined by summing the relation vectors for the measures. For
example, say the relation betwecn imtervals A and B has been
derived by two valid measures as being both

V, = (BEFORE MEETS OVERLAPS)
V, = (OVERLAPS STARTS DURING).

To find the relation between A and B, that is implied by V, and V,,
the two vectors are summed:

R

Simpie relations: Breaidast BEFORE Lunch

Lunch AFTER bresitast
, Breaxtast
/ /L /

Balaugn vecror, Paper (BEFORE MEETS OVERLAPS) Cofies

V. 7
7/ 7

. L.

Iu--‘-o---
" o r” rmwr | 'uv/

Figure 2: Examples of simple retations and relation vectors

V, + V; = (OVERLAPS).

Algorithmically, the sum of two vecilors is computed by finding their
common constituent simpie relations.

Muliplication is defined between pairs ol vectors that relate three
intervals A B, and C. More precisely, # V, relates intervals A and B,
and V, relates B and C. the product of V, and V, is the least
resirictive relation between A and C that is permitied by V, and V,
Consider, for exampie, the situation in Figure 3. If we have
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V, = (BEFORE MEETS OVERLAPS)

V, « (BEFORE MEETS)
then the product of v, and V,is

V, x V, = (BEFORE)
As with addition, the multiplication of two vectors is computed by
inspecting their constituent simple relations. The conslituents are
pairwise multiplied by following a simplified muRiplication table, and
the results are combined to produce the product of the two vectors.
See [Allen 83] for details.

s

8L Vs _
/ r

S

R<A,B> = (BEFORE MEETS OVERLAPS)
R<8,C> = (BEFORE MEETS)

R<A,C> = (BEFORE)

Figure 3: Intervals whose relations are to be multiplied

Determining Closure in the Interval Algebra

in actual use, Allen's interval algebra is used 10 reason about
temporal information in a specific application. The spplication
program encodes temporal information in terms of the aigebra, and
asserts this information in the database of the temporal reasoner.
This reasoners job is then {0 compute those temporal relations
which follow from the user's assertions. We refer to this process as
completing the closure of the user's assertions.

In Alien's model. closure is computed with a constraint
propagation aigorithm. The operation of this forward-chaining
algorithm is driven by a queuve. Every time the relation between two
intervals A and 8 is changed, the pair <A, 8> is placed on the queus.
The aigorithm, shown in Figure 4 operates by removing pairs from
the queue. For gvery pair <A, B> that i removes, the aigorithm
determines whether the relation between A and B can be used to
constrain the relation between A and other intervals in the database,
or between B and these other intervais H a new reiation can be
successiully constrained, then the pair of intervais that it relates is in
tum placed on the queus. The process terminates when no more
relations can be constrained.

As Allen suggests [Allen 83), this constraint propagation aigorithm
runs to compietion in time polynomial with the number of intervals in
the temporal database. He provides an estimate of O{n?) calls to the
Propagate procedurs. A more fine-grained analysis reveals that
when the algorithm runs to completion, i will have periormed O(n?)
multiplications and additions of temporal relation vectors.

Theorsm 1: Let / be a set of n intervals about which m
assertions have been added with the Add procedure.

When invoked, the Close procedurs will run to compistion
in O(n3) time.

Proof: (Sketch®) A pair of intervals <ip> is entered on

IMost of the thearems in this paper have rather long procs. For this resson, we
have resticied ourselves here 1 provicing only prool skeiches.
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I Lot Tabie be & two-dimensional aray, indexed by intervais, in
which Tabie[i,j] holds the relation between intervals / and ;.
Tadie{i.[} s intialized to (BEFORE MEETS ... AFTER}, the
additive identity vector consisting of all thirteen simple relations;
except for Tablefi,i] which is inttialized to (EQUAL).

Lat Queue be a FIFQ data structure that will keep track of those
Pairs of intervals whase relation has been changed.

Lat intervals be a list of all intervals about which

assertions have been made. */

To Add(R<ip)
P Rdi,j> I8 & relation being asserted betwean /and j.*/

begin

Oid « Tablefij}:

Tadlefi,j] « Tabiefij] + R<ip;

Wt Tablefi.jj » Old

then Place <i,p> on Fifo Queve;
intervals « intervals U {i, ).
ond:

To Ciose
r Computes the closure of assertions added 10 the daiabase. */

While Queue is not empty do
begin
Get next <i,p> from Quevue;
Propagate(i );
end;

To Propagate{/..)
I Called to propagate the change to the relation between
intervais / and J1o all other intervals. */

For each interval K in Intervals do
bepin
Temp « Table{l,K] + (Tablefl.J] x TablelJ.K}):
it Tempa= 0
then (signal contradiction}:
It Table[I, K] » Temp
then Place </ K> on Queue;
Tadle[i K] «— Temp:
Temp « Tabie[K.J] + (Table[K.[] x Table[l,J);
it Temp =0
then (signal contradiction);
if Table[X,J] » Temp
then Piace <K,J> on Queve;
Table[K.J] « Temp;

Figure 4: The constraint propagation aigorithm

Queus when its relation, stored in Tabief/]. is non-trivialtly
updated. It is easy lo show that no more than O(n2) pairs
of intervais <ij/> are ever entered onto the queue. This is
because there are only O(n?) relations possibie between
the n intervals, and because each relation can only be
non-trivially updated a constant number of times.

Further, every time a pair <i/> is removed from Queve,
the aigorkhm periorms  O(n) veclor additions and
procedure).

Hence the time comple of the aigorthm
Oin - n?) « O(n?) v.cloropor:ti':m. .

The vector aperations can be considersd here 10 fake constant

time. By encoding
with 2 13.bit integer AND
Compiexity is actually O(IV,| - [V,l), where (V,] and |V,] are the

vectors as bt strings, addition can be performed
operation. For multiplication, the

~akaatatatetal. fall vatav

lengths® of the two vectors to be multiplied (i.e., the number of
simple constituents in each vector). Since vectors contain at most
13 simple constituents, the complexity of multiplication is bounded,
and the idealization of multiplication as operating in constant time is
acceplable.

Note that the polynomial time characterization of the constraint
propagation aigorithm of Figure 4 is somewhat migleading. Indeed,
Allen [1983] demonstrates that the aigorithm is sound, in the sense
that R never infers an invalid consequence of a set of assentions.
However, Allén aiso shows that the aigorithm is incompiete: he
produces an exampis in which the aigorithm does not make all the
inferences that foliow from a set of assertions. He that
computing the closure of a set of temporal assertions might onty be
possibie in exponential time. Regrettably, this appears to be the
case. As we demonstrate in the following paragraphs, computing
closure in the interval aigebra is an NP-hard problem.

Intractability of the interval Algebra

To demonstrate that computing the closure of assertions is NP-
hard, we first show that determining the consistency (or satisfiability)
of a set of assertions is NP-hard. We then show that the consisiency
and closure problems are equivalent.

Theorem 2: Determining the satisfiability of a set of
assertions in the interval aigebra is NP-hard.

Proof: (Sketch) This theorem can be proven by
reducing the 3-clause satisfiability problem (or 3-SAT) to
the problem ot determining satisfiability of assertions in the
interval aigebra. To do this, we construct a
(computationally trivial) mapping between a formula in 3-
SAT form and an equivaient encoding of the formula in the
interval aigebra.

Briefly, this is done by creating for each term P in the
formula, and its negation ~P, a pair of intervals, P and
NOTP. These intervals are then related to a “truth
determining” interval MIDDLE: intervals that fall before
MIDDL.E correspond to false terms, and those that fall after
MIDDLE correspond to true terms. The original formuia is
then encoded into assertions in the aigebra; this can be
done (deterministicaily) in polynomial time.

The encoding proceeds clause by clause. For each
clause P v Q v R, special intervals are created. These
intervals are related 1o the literals’ intervals P, Q, and R in
such a way that at most two of these intervals can be
before MIDDLE (which makes them faise). The other (or
others) can fall after MIDDLE (which makes them true).

It can then be shown that the original formula has a
model just in case the interval encoding has one 100.
Satisfiability of a 3-SAT formula could thus be established
by determining the satisfiabilty of the corresponding
interval sssortions. Since the former problem is
NP-complete, the latter one must be (at least) NP-hard.

The foflowing theorem extends the NP-hard resul for the problem
of determining satisfiability of assertions in the interval aigedra to the
problem ot determining closurs of thase assertions.

Theorem 3: The probiems of determining the
aatisfiabilty of assertions in the interval algebra and
determining their closure are equivalent, in that there are
polynomial time-mappings between them.

Proof: (Sketch) First we show that determining closure
follows readily from determining consistency. To do 80,
assume the existence of an oracie for determining the
consistency of a sat of agsertions in the interval aigebra.
Yo determine the Closure

g
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assertion /i (R) j, where R is one of the thiteen simple
relations. The relation vector that hoids between i and jis
the one containing those simple relations that the oracle
didn't reject.

To show that determining consistency follows from
determining closure, assume the existence ot a closure
aigorithm. To see il a set of assertions is consistent, run
the aigorthm, and inspect each of the O(r?) relations
between the n inteivais mentoned in the assertions. The
database is inconsistent il any of these relations is the
inconsistent vector: this is the vector composed of no
constituent simple reiations.

The two preceding theorems demonstrate that computing the
closure of assertions in the interval algebra is NP-hard. This result
casis great doubts on the computational tractability of the aigebra, as
no NP-hard probiem is known 10 be solvabie in less than exponential
time.

Consequences of intractability

Several authors have described exponential-time aigorthms that
compute the closure of assertions in the interval aigebra, or some
subset thereof. Vaides-Perez {1986] proposes a heuristically pruned
algorithm which is sound and complete for the full aigebra. The
aigorithm is based on analysis of set-theoretic constructions. Malik &
Binford (1983) can determine closure for a fraction of the interval
aigebra with the exponential Simplex aigorithm. As we shall show
below, their method is actually more powertul than need be for the
fragment that they consider.

Even though the interval aigebra is intractable, it isn't necessarily
useless. Indeed, it is aimost a truism of Artificial Intelligence that all
interesting problems are computationally at least NP-hard (or worse)!
There are sevenal sirategies that can be adopted 1o put the aigebra
10 work in practical systems.

The first is to imit oneself to small databases, containing on the
order of a dozen intervals. With a small database, the asymptotically
exponential performance of a complete temporal reasoner need not
be noticeably poor. Thig is in fact the approach taken by Malik and
Binford to manage the exponential performance of their
Simplex-based system. Unfortunately, it can be very difficut to
restrict onesetf 10 small databases, since clustering information in
this way necessarily prevents all but the gimplest interrelations of
intervals in separate databases. :

Another sirategy is to stick 10 the polynomial-time constraint
propagation closure aigorithm, and accept s incompietensss. This
is acceptable for applications which use a temporal database to
notate the relations between events, but dont particularly require
much inference from the temporal reasoner. For applications which
make heavy use of temporal reasoning, however, this may not be an
optior,

Finally, an altemative approach s 10 choose a temporal

lon other than the full interval aigebra. This can be either
& fragment of the aigebra, or ancther representation aftogether. We
pursue this option beiow.

A Point Temporal Aigebra

An alternative 10 reasoning about intervals of time is to reason
sbout points of time. indeed, an aigebra of time points can be
defined in much the same way as was the aljebdra of time intervals.
As with intervals, points are related 1o each other through relation
vectors which are composed of simple point relations. These
primitive relations are defined in Figure 5.

As with the interval aigebra, the point temporal aigebra possesses
addition and muliplication operations. These operations, whose
tables are given in Appendix , mirror the operations in the interval
sigebra. Addition is used to combine two different measures of the
relation of two points. Multiplication is used to determine the relation
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Figure 5: Simple point relations

between two points A and B, given the relations between each of A
and B and some intermediates point C.

Computing Closure In the Point Algebra

As was the case with intervals, determining the closure of
assertions in the poimt algebra is an important operation.
Fortunately, the point algebra is sufficiently simple that closure can
be computed in polynomial time. To do so, we can directly adapt the
constraint propagation aigorithm of Figure 4. Simply replace the
interval vector addition and multiplication operations with point
additions and muttiplications, and run the aigorithm with point
assertions instead of interval assertions.

As before, the aigorithm runs to completion in O(n?) time, where n
is the number of points about which assertions have been made. As
with the interval aigebra, the aigorithm is sound: any relation that it
infers between two points (ollows from the user's assertions. This
time, however, the aigorithm is complete. When it terminates, the
closuyre of the point assertions will have been comrectly computed.

We prove completeness by referring 1o the mooe: theory o1 the
time poimt aigebra. In essence, we consider any database over
which the aigorithm has been run, and construct a model for any
possible interpretation of the database. If the database is indefinite,
a model must be constructed for each possible resolution of the
indefiniteness.¢

We chooss the real numbers to model time points. A modet of a
database of time points is simply a mapping between those time
points and some comesponding real numbers. The relations
between time points are mapped to relations between real numbers
in the obvious way. For example, if time point A precedes time point
Bin the database, then A's corresponding number is iess than B's.

Theorem 4: The constraint propagation aigorithm is
complete for the time point aigebra. That is, a model can
umwedlmanyhmmbndmmod
dat .

Proof: (Sketch) We “I::t note that the aigorkhm
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(PRECEDES) or (PRECEDES SAME), or their inverses) or
disequaiity (the vector (PRECEDES FOLLOWS)). Al the
bottom of each graph is one or more “botiom™ nodes:
nodes which are preceded by no other node.

Further, when the aigorithm has run to completion the
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graphs are ail consistent, in the following two senses.
First, all points are linearly ordered: there is no path from
any point in a graph back 10 itself that solely traverses
precedence arcs (time doesnt curve back on itsel).
Second, no two points that are in the same cluster were
assernted 10 be disequal with the (PRECEDES FOLLOWS)
vector. i the user had added any assertions that
coniradicted these consistency criteria, the aigorithm
woulki have signalied the contraciction.

Note that ait of the preceding properties can be shown
with simple inductive proofs by considering the aigorithm
and the addition and muliplication tables.

The model construction proceeds by picking a cluster of
points (i.e., a node) at the “Dottom® of some graph and
assigning all of its constituent points to some real number.
The cluster is then removed from the graph, and the
process proceeds on with another real number (greater
than the first) and another cluster (either in the same graph
or in gnother one). The process is complicated somewhat
because some clusters may be “equal” to other clusters
(their constituent points may be related by some vector
containing the SAME relation). For these cases it is
possibie to “collapse” several (zero, one, or more) of these
clusters together, and assign their constituent points to the
same real number. Some other clusters may be
“disequal”. For these, we must just make sure never 10
“collapse” them together. Because the choice of which
“vottom® node to remove and which clusters o collapse is
non-deterministic, the model construction covers ali
possible interpretations of the database.

Relating the interval and point algebras’

The ftractability of the point aigebra makes K an appealing
candidate for representing time. indeed, many problems that invoive
temporal sequencing can be formuiated in terms of simple points of
time. This approach is taken by any of the planning programs that
are based on the situation caiculus, the patriarch of these being
STRIPS [Fikes & Nilsson 71).

However, as many have pointed out, time points as such are
inadequate for representing many real phenomena. Single time
points by themseives arent sufficient 10 express natural language
semantics {Allen 84], and they are very inconvenient (¥ not useless)
for modelling many natural events and actions {Schrmolze 86]. For
these tasks, an interval-based time representation is necessary.

Fortunately, many interval relations can be encoded in the point
aigebra. This is accomplished by considering intervais as defined by
their endpoints, and by encoding the relation between two intervals
as relations between their endpoints. For example, the interval
relation

A (DURING) B
can be encoded as several point assertions

A- (FOLLOWS) B-

A+ (PRECEDES) B+
A- (PRECEDES) A+
B- (PRECEDES) B+,

where A- denotes the starting sndpoint of interval A, A+ denotes its
finighing endipoint, and similarly for B.

This scheme captures al unambiguous relstions between
intervals, that is ail relations that can be expressed using vactors that
Contan only one simple constituent. & can aiso capiure many
ambiguous relations, but not all. One can represent ambiguity as to
the pmmu relation of endpoints, but one can not represent
ambiguity as 1o the relation of whole intervais. The wvector
(BEFORE MEETS OVERLAPS) for example can be encoded as
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point assertions, but the vector (BEFORE AFTER) can not. See
Figure 6.

INTERVAL POINT
VECTOR TRANSLATION ILLUSTRATION
A?
A (BEFORE A- (precxoRs) 3- 7/ 7/ 8 7
OVERLAPS A- (PRECIDES) A+ /_"."_7/
MRETS) B A+ (PRECEDES) B+
B- (PRECEDES) B+ 2 A? /
A (BETORE No equivalent ¢ AV, ; AV
AFTER) B point form /' 7.

Figure 8: Transiation of interval aigebra to point aigebra

The fragment of the interval aigebra that can be transtated to the
point aigebra benefits from all the computational advantages of the
latter. In particular, the polynomial-time constraint propagation
algorithm is sound and complete for the fragment. This-is the
interval representation method that Simmons uses in his geological
reasoning program [Simmons 83, and personal communication].

This fragment of the interval aigebdra is also the one used by Malik
and Binford [1983] in their spacio-temporal reasoning program. in
their case, though, reasoning is performed with the exponential
Simplex algorithm. This use of the general Simpiex procedure is not
strictly necessary, though, gince the problem coulkd be solved by the
considerably cheaper constraint propagation algorithm.

Although many applications may be abie to restrict their intervai
temporal reasoning to the tractable fragment of the interva! aigebra,
some applications may not. One program that requires the full

interval algebra is the planning system of Allen and Koomen [1983]
that we referred to above. in this sysiem, actions are modeled with
intervals. For example, to declare that two actions are non-
overiapping, one assens

ACT, (BEFORE MEETS MET-BY AFTER) ACT,

As we just showed, this kind of assertion falls outside of the
tractable fragment of the interval aigebra. In a planner with this
architecture, this representation problem can be dealt with either by
invoking an exponential temporal reasoner, or by bringing to bear
planning-specific knowledge about the ordering of actions.

Consequences of These Results

Increasingly, the tools of knowledge representation are being put
10 use in praclical systems. For these systems, I is often crucial that
the representation components be computationally efficient. This
has prompted the Artificial inteligence community fo start taking
seriously the performance of Al aigorithens. The present paper, by
considering critically the computational characteristics of several
temporal representations, follows this recent trend.

What lessons may we leam from analyses such as this? Of
immediate benefit is an understanding of the computational
advantages and disadvantages of different representation
languages. This permits informed decisions a3 © how the
representation coroponents of application systems should be
structured. We can better understand when 10 use the power of
general representations, and when 10 set thess general toois aside in
favor of more application-specilic reasoners.

A close scnitiny of the ongoing achievements of Adificial
Intelligence enables a better understanding of the nature of Al
methods. This procass is crucial for the maturation of our field.
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Appendix: Algebraic Operations in the Point Algebra

pAg:mon and rrg\umphcauon are defined in the point aigebra by the References
two tables in Figure 7. These operations both have constant-time
implementations i the relation vectors between time points are
encoded as bit strings. With this encoding, both operations can be
performed by simple lookups in two-dimensional (8 x 8) arrays.
Altematively, addition can be performed with an even simpler 3-bit
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