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A Procedure Resolving Anaphoric Ambiguity by Finding the Most

Informative Interpretation *

LESTRACT

An inferential approach to resolving anapheric ambiguity is
described. The procedure finds the most plausible anaphoric
referent, based on three general principles of understanding
discourse; non-contradiction, relevance, and optimality,. For
ambiguous anaphora, which cannot be identified by syntactic and
semantic constraints, the procedure produces a tentative
interpretation, whose internal representation corresponds to a
case-frame of a predicate. Tentative interpretations are
produced for all combinations of referent candidates. Then, the
procedure inspects them and excludes improper interpretations in
accordance with non-contradiction with the previous sentences,
As the step for optimal selection, the procedure identifies
anaphoric referents hy finding an interpretation which has
causal relation with previous messages; causal relation is used
to supplement some shortage of information and to give an cither
affirmative or negative explanation to the interpretation.
Combined with a frame-based knowledge representation system, the
procedure has been implemented in an experimental

question-answering system, and is being tested for rezl data.

* This work is a part of a project on Fifth Generation Computer

Systems (FGCS).



I. INTRODUCTION

In building a guestion-answering system accepting natural
language input, it is necessary to deal with many problems, such
as anaphoric references and ellipses, indirect speech act,
fragmental input, conversation initiative, etc. Among these
problems, determining anaphora and complementing ellipses are
the most fundamental problems which deter understanding a user's
message, bhecause they are the first stage in a
guestion-answering system.

The anaphora and ellipsis problems have been analyzed and
managed from various points of view (e.g., [Webber 8O},
including syntactic and semantic constraints, inferential
approach to find antecedents, and use of focus* to resolve
discourse ambiguity. Though focus is a comprehensible concept
to explain anaphoric reference, its extraction process is not
well-established. Sidner proposed a "bootstrapping" procedure
which decides focus by verifying its consistency with the
contexts [Sidner 83]. In her approach, the inference function
is used to verify consistency of the focused object with the
contexts, Using inference in such a way seems insufficient,
because her procedure cannot select a preferable interpretation
when there are plural "consistent" interpretations. It can be
seen that extracting proper focus from the discourse context is

a process of understanding the discourse itself.

* The term focus here means local context according to [Sidner

B3] or "local center" according to [Greosz, et al. B831].
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In this paper, the authors explore a way of using the
inference function to resolve anaphoric ambiguity. In the
subsequent sections, principles to resolve anaphoriec ambiguity
are discussed and a practical procedure, using a knowledge

representation system, is described.

IT. PRINCIFLES TO RESOLVE DISCOURSE AMBIGUITY

The problem of resclving anapheric ambiguity can be viewed
as selection of the most plausible interpretation corresponding
to a new sentence. In this process, the inference functieon is
regquired to decide the referents as well as to extract implicit
antecedents. Thie paper focuses on general principles to guide
a procedure to disambiguate anaphoric referent and on a way of
using inference in determining it.

"Coherency"” had been proposed as a general concept to
explain discourse structures [Hobbs 77; Grosz, et al. B3], and
various phenomena in discourse, including anaphoric
identification, are discussed in accordance with this concept.
Though it is an attractive concept, more precise principles are
necded to construct a practical procedure to resolve anaphoric
ambiguity, specifically to design a procedure based on a
practical knowledge representation system.

There have been researches carried out on controlling
inference in understanding discourse. For example, Rieger

arranged types of inference and proposed a methed of reference



sstablishment in a heuristic way [Rieger 75]. Schank proposed
"interestingness” in understanding a story and used numeriecal
scores to control inference [Schank 791. Joshi and Welnsteln
used "appropriateness", which is defined by a number of common
objects between sentences [Joshi and Weinstein 797. Wilensky
proposed basic principles (e.g., ACHIEVE AS MANY GOALS AS
POSSTBLE) to control inference and implemented <them by the
mechanism of meta-goals and meta-plans IWilensky 831, where his
main theme was understanding a story by finding goal-plan chains
between sentences, Such researches can be viewed as an effort
to make a consistent representation within practical time and
space for a large chunk of sentences, such as a story.

A psychologist proposed general principles of understanding
sentences [Uchida 821; they are, consistency o©of a new
interpretation with a hearer's knowledge base, optimality of the
new representation, and open-endedness of the knowledge
representation system. The former two principles are stated to
construct a proper representation for the new sentence. The
third principle is used to detect unnaturalness in the whole
interpretation and then to reconstruct the interpretation. For
identifying anaphoric referent, consistency and optimality
principles are important. This will be discussed more
precisely from the viewpoint of anaphoric disambiguation. In
this paper, the consistency concept is divided into two
concepts; non-contradiction and relevance.

Non-contradiction is the most fundamental property that the

new interpretation should have. The syntactic and semantic



constraints can be viewed as a basic filter, which protects us
from adding a superficially contradictory representation. In
general, the new added interpretation should not violate
consistency with the previous speakers's utterances, as well as
a knowledge base of the system. Though an intentional vielation
of consistency might give a hearer a cue to detect some unusual
effect, such as a metaphor, it may be assumed that a speaker's
utterance is not self-contradictory or contradictory with a
knowledge base, at least within the scope of  a  simple
guestion-answering system. When this assumption is posed, the
machine system can exclude tentative interpretations which are
contradictory to previous messages and/or the built-in knowledge
base.

Relevance is a vprinciple in which a new internal
representation must have some links with the previous
interpretations and the knowledge base. This principle is
required to avoid adding a completely irrelevant interpretation,
even If it is not in contradietion with the previous
interpretation. In general, the smaller a system scope is, the
more important this principle comes to be, because the knowledge
base for the system is small and, therefare, a tentative
interpretation could be irrelevant te the knowledge base, with
high possibility,

In resolving anaphoric ambiguity, the relevance principle
can be used to exclude tentative interpretations which have no
relation with the knowledge base. For example, consider an

example of the follewing sentences:



"A bug was in a program and the computer stopped. 1 started

it again.”
For the second sentence, an interpretation of "I started the bug
again" is possible, even for a sitvation where the knowledge
base only consists of information on computer systems.  Though
this interpretation is not unnatural from the viewpoints of
syntax or semantics, it seems guite trivial, unless the
interpretable world is so wide that it includes fairy tales or
some kinds of competitions. For a usual task, which covers a
limited domain, such as information retrieval on computer
gsystems, the system can exclude such kinds of irrelevant
interpretations, even if they satisfy non-contradiction
principle.

Optimality can be viewed as a principle wherein the system
selects the most informative interpretation. When there are
more than two possibilities for an anaphoric referent, the
system must decide which candidate is preferable. For example,
consider the following simple seguence of sentences.

"John phoned Jack. He stayved home."

In this example, an interpretation of "He = Jack" is preferable
to that of "He = John". This preference comes from the fact
that these two sentences can be interpreted as saying "John
succeeded in communicating with Jack by telephone”. In
addition, we must notice that, even i1f the second sentence in
the example is negated, we ohserve a similar phenomenon, whose
conclusive item is a negative statement in this case.

This example shows that the inference function 1is reguired



to draw some conclusions regarding items not spoken explicitly.

in general, it can be said that the system should search for an
interpretation which can supplement a shortage of information or
which can produce effective information; in a word, the system
should find the most informative interpretation. To do sa, the
system can use the inference function, based on causal relations
prepared in the knowledge base for the system, In resolving
anaphoric ambiguity, though the inference function has bheen used
to find inferential antecedents, it should also be used to

decide an informative interpretation.

III. PROCEDURE

In this paper, a procedure to resolve anaphoric ambiguity
follows the principles described above; non-contradiction,
relevance, and optimality, Figure 1 shows the procedure flow
resolving anaphoric ambiguity, which consists of four major
steps; anaphora detection, referent candidates extraction,
non-contradiction test, and optimal candidate selection,

The procedure uses a knowledge representation system, which
the authors' colleagues have been implementing (Konno, et al.
861]. The knowledge representation system represents an object
and an event as a "schema" in a similar way as the frame [Minsky
751, and causality relations between events by if-then rules
(thoughout the explanation of the preocedure in this section, the

termincology related to the knowledge representation system will



be simplified to as general a level as possible).

The procedure has been constructed as a part of an
experimental guestion-answering system, whose present task is
guidance in operating household electric appliances, such as VTR
and TV. Every input sentence 1is analyzed syntactically and
semantically, and represented as a case-frame representation
which corresponds to an event [Sano and Amano 87]. After this

analysis, the procedure described here will be invoked.

3.1 Anaphora detectiocon

4s the first step of disambiguating anaphora, the procedure
detects anaphoric indicators for a sentence. Pronouns and
definite articles, which are explicit anaphoric indicators, must
be detected,. At the =zame time, nouns themselves are extracted
as candidates for anaphoric representations. In addition to
them, omitted obligatory cases of the predicate in a sentence
are detected as ellipses. In a situation involving a
question-answering system, pragmatic ellipses c¢an alsoc be
detected, when an interpretation attained for an input sentence
is insufficient to form a command for task execution.

After the procedure detects the anaphoric and elliptical
indicators, it produces a temporary instance schema for every
indicator. The procedure then inserts the temporary schema into
the slot representing case of the predicate. At this point, for
instance, a sentence "He pushed the switeh"™ is represented as

shown in Fig. 2.



3.2 Referent candidate extracticn

For every anaphoric indicater, the preocedure searches for
candidates corresponding to the indicator. The procedure
segarches for "instance schemata", which belong to the =zame class
as the indicator and belong to a super-class of the indicator's
class f(including some other relaticns, such as a whole-part
link). In searching for candidates, the procedure uses
constraints written at every slot that restrict the classg of
objects, to reduce the number of objects to be searched for.
For example, the semantic template of a word "push®" in the
knowledge base is shown in Fig. 2. TIn this case, a slot value
for a "push" agent is restricted to being human by the
additional description of "value-class". When a subdject of a
sentence is omitted (in Japanese, this is frequently done), the
procedure searches for instance schemata belcnging to the human
class. 1In general, the number of new tentative representations
for the sentence becomes plural, because most verbs usually have
more than two case objects. This search process is performed by
the knowledge representation system invoked by the procedure.

The relevance principle has to be satisfied at this point,
because the procedure should succeed in finding some relations
between a case slot and possible objects which have previously
appeared, (Otherwise, the procedure fails to identify the

anaphoric referent.)



3.3 Non-contradiction test

Non-contradiction is verified by two subseguent steps. The
first step is test for non-contradiction within a single
sentence, where the corresponding inner representation has more
than two undetermined =slot wvalues {case obijects for a
predicate). Though it is impossible to state all legal
combinations of objects, this step is effective to rule out
improper combination of objects for a multi-meaning wverb, such
as 'have', and to decide the precise meaning of the word.

The second step in this process is scanning
non-contradiction between the new hypothetical interpretation
and the previous user's messages. In general, the procedure
must verify non-contradiction between the new interpretation and
the whole knowledge base., However, in such a system whose task
is diagnosis, it may be wusual that a  wuser's input is
coantradictory with regard to a knowledge base, because fault
symptoms are abnormal and contradictory with nermal state.
Thus, at present, the procedure wverifies non-contradiction
between a new interpretation and the previocus user's messages
alone. For a systematic solution to this problem, the procedure
and the supporting knowledge representation system should be
enhanced so that they can manage contradiction explicitly as the
logical +truth maintainer of TMS (Truth Maintenance System)
[Doyle 791.

As an example of this step, assume a seguence of sentences:



I pushed the recording button.

(But) I didn't push it. "
Deciding anaphoric referent of "it" in the second sentence, the
procedure excludes a possibility "it = recording butten", and
inspects other candidates, Figure 3 shows internal
representations for these interpretations, which are easily
detected as contradiction, because these two representaticons
belong to the same class and have the same entries, except an

entry of negation.

3.4 Optimal candidate selection

When more than two interpretation pessibilities remain, the
procedure tries to find causal links which can be produced from
the interpretations. By finding the interpretation which has
some causgal links with the previous sentences, the procedure
decides the most informative interpretation. In inspecting
causal connectivities for interpretations, the procedure
searches for rules*, which can be classified intc two groups;
one is a rule which has both previous and current sentences in
the conditional part and another is a rule that has the previous
sentences in the conditional part and the current one in the

conclusive part.

* Rules are used to represent operation procedures as well as

causal relations in our knowledge representation system.



Assume that X denotes an event in a tentative
interpretation being processed, A is an event or a conjunction
of events corresponding to input sentences, and B represents an
inferable, goal event or an event which explicitly denotes
objective of an action in a sentence. The procedure searches

for rules in the order shown below (=X means a negation of X).

(1) 4if A then -X,
(2) if A & -X then B
(3) if A & X then (-)B
(4) if A then X.

The first and the last rules show direct causal links between
the previous interpretation (=A) and a hypothetical one (=¥).
The others are rules that have interpretations in conditional
part.

The order of rules to be searched is decided so that it
might correspond to the magnitude of reducing ambiguity; e.g.,
explicit negation of a plausible event can be considered to give
a hearer more information than a positive interpretation for the
event.

Consider an example sequence of sentences:

"I pushed the play-back button in front of the VTR.

(But) The tape was not played back."

To decide the elliptical referent of a subjective actor (=VTR)}
in the second sentence, the procedure finds a rule such as
follows (in practice, terms in rules are represented by schemata

in our system and the rule has more terms):
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if {a person pushes the play-back button)

then (VTR plays back a tape).
Tn this case, the rule is classified to category (1), which has
a (doubly) negated event for the 1input sentence in the
conclusive part. After finding the above rule and verifying
that the VTR has the play-back button, the procedure recognizes
the agent of the second sentence as the VTR.

Let's inspect another example:

*Though I pushed the button, the VIR didn't play back the
taps."
Processing "the butten" in the first part of the sentence, the
procedure recognizes it as a button to play back, from various
kinds of buttons that the VTR mounts on its control panel. 1In
this case, the above rule is used as a category (3) rule.

It is important to note that the procedure, at present,
searches for rules whose terms in the conditiconal part are
restricted, soc that they do not include events that can be
inferred from rules in the knowledge base. This restriction is
introduced in order to aveid an intractable state of confusion
in controlling the inference.

After the procedure identifies an anaphoric referent, it
merges the identified interpretation into the previous one by
replacing the link pointer in the event schema. Then, the

procedure goes on to the next sentence.



IV. CONCLUDING REMARKS

an inferential approach to resolving anaphoric ambiguity is
described. Tn the paper, general principles to resolve
anaphoric ambiguity were discussed. They are non—-contradiction,
relevance, and optimality. Based on these principles, the
procedure detects anaphora occurence, extracts referent
candidates, and verifies non-contradiction and optimality for a
tentative interpretation, for every input sentence. After
extracting referent candidates, the procedure produces a
tentative interpretation, represented as a case-frame, for a
combination of the candidates. Then, the procedure excludes an
improper interpretation, which 1is in contradiction with the
previous sentences. In the last step, the procedure finds the
most infermative interpretation, in the sense that some
meaningful causal links are obtained. In this paper, causal
rules are not only used to find direct relations between
septences, but also used to evaluate tentative interpretations
by Ggiving a negative or positive explanation to  the
interpretation. |

The procedure has being implemented as a Japanese sentence
understander in an experimental guestion-answering system, in
combination with the syntactic and semantic analyzer, and the
“~owledge representation system. The procedure described in the
paper uses a lot of facilities in the knowledge representation

system; e.g., representing a sentence interpretation by a schema

.



(frame), matching a schema against other schemata, representing
causal relations by if-then rules, and so on. It might be worth
noting, however, that these functions, regquired by the
procedure, are tractable within the scope of the current
knowledge representation art.

There is a problem remaining for further study. At
present, the procedure described in this paper identifies
anaphoric and elliptical referents for objects, and cannot deal
with a problem of phrase or sentence ellipses, This problem
seems serious, because the procedure in this paper uses a
case-frame representation as a basis for the processes, and
cannot produce any tentative interpretations for such ellipses.
For this problem and, more generally, for the problem of
fragmental input, a kind of expectation-driven mechanism would

be needed.
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push#l
class: push
tense: PAET
agent: man#l
object: buttonfl

— mangl
class: man

— buttondl
class: button

{a) instance schemata for "He pushed the button”.

— push

super-class: event
agent: [value-class: human]
object : [walue-class: button])

— man

super-class: human
sex: male

— button
super-class: parts

(b) class schema examples built in the knowledge base

Figure 2. A representation example of schemata for a sentence
"He pushed the button.”
(Entries followed by "$#" are instances.)



push$#l
class: push
tense: FAST
agent: auvthor#l ( = I )
object: button#l

{a) instance schema for "I pushed the button™.

push#2

class: push

tense: PAST

agent: auwuthorgl ( =1 )

object: button#l (tentative referent candidate for "it")
negaticn: YES

{b} tentative interpretation for " I didn't push it."

Figure 3. A tentative interpretation example
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We hope to make computers that can solve high-level -
physical problems, for example design of devices and
predjctiwn of physical phenomena. We think that
'understanding” of the physical world is important if
computers are to solve such high-level problems. We are
developing a reasoning system to perform basic reasoning
about the physical world. In this paper. we descrihe a
reasoning system which grasps relations among physical
objects and predicts the next state of a physical phenomena
(we call the reasoning svstem Qupras (for Qualitative
physical reasoning system)). Qupras has two knowledge
representations. E)ne of them is for knowledge of physics
corresponding to the physical laws found in physies
textbooks. The other is knowledge about objects, which are
components of physical devices or subsystems of the physieal
world.  Qupras reasons relations among ph}'SicuIPD jects
using restricted sets of physical laws, just as human beings
do. Reasoning in Qupras is based on qualitative reasoning,
but it handles physical variables quantitatively as well as
qualitatively. This is because almost all physical laws are
quantitative expressions, and we want to avoid losing
quantitative  information, which is often  more
comprehensive than qualitative information.
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Abstract

We hope Lo make computers that can soive high-level
physical problems, for example design of devices and prediction
of physieal phenomena. We think that "understanding” af the
phvsical worid is important if computers are to selve such high-
level problems. We are developing a reasoning syvstem to
perform basic reasoning about the phvsical world, In this paper,
we describe a reasoning system which grasps refations among
physical objects and predicts the next state of a physical
phenomena (we cail the reasonming system $Qopras (for
Qualitative physical reasening syatem!). Qupras has two
knowiledge representations. One of them is for knowiledge of
physics corresponding to the physical laws [ound in physics
texibooks. The other is knowiedge about objects, which are
components of physical devices or subsystems of the physical
world, Qupras reasons relations among physical obiects using
reatricted sets of physical laws, just as human beings do.
Reasoning in Quoras is based on quaiitative reasoning, but it
handles physieal wvarimbles quantitatively o3 well os
qualitatively, This is because almost all physical laws are
quantitative expressions, and we want to aveid losing
quantitative information, which is often more comorehensive
than qualitative information,

1. Introduction

One of the targets of artificial intelligence is to implement
computers which have intellectual capabilities similar to thoss
of human beings. We hope to produce computers that can soive
high-level problems such as design of devices, diagnoses of
deviens, and prediction of physical phenomena. However, we
have to implement on computers various capahbilities which
human beings have, One such capability is "understanding”.
We think that understanding of the physical world is important
for computers if they are to solve high-level probiema. Many
high-level capabilities of human beings, such aa lenrning and
designing, are based on understanding Thus, solid
undrratanding shouid form the basis of implementing these
eapabiiities on computers.

This paper degeribes a ressoping svstem thut grasps
relations among physical objects and predicts the next states of
physical phenomena, We eall the reasoning system Qupros
Qualiitative phvaical regsoning syatem), The physical world can
be explained on several leveis. Explanation at the level of the
quark is perhaps ane of the deepest. On the olher hand,
explanation using experiential knowledge is rather shallow,
F'!"l}-sil::ll. laws given in Fl'l_l,'sil:s texthooks are at the leval of
peneral knowledge, and as such they are widely nsed ta explain
relations among physicnl objestas, For exomple, if a person
versed in physics is given an explanation of a device in terms of
phivsical laws, he will probabiy understand it. When he comes
upon a physics problem which he has never encountered helore,
he will try to solve the problem using the physical laws he
knows, beeauss he does not have the knowledge peculior to the
probiem, the compiled knowiedge. Thus, we can say that
physical laws are primitive knowledge to understand or sclve
phvsical provlems.

The laws of physics constitute primitive knnwiedge of Lhe
physical warid. Wa think it hest ta uae knowledge at this levei of
phy=zical laws to specify relations among objects. Rewsoning in

Qupras is based on qualitative reasoning (de Kleer 84, Kuipers
B4, with the added feature that it can handle physical variables
guantitatively alse. [f we use the more comprehensive
quantitative information, it i3 poasible to decrease ambiguity at
transition to subsequent states resulting from the arithmetie
operativns on use signs enly. This is ooe of the problems in
qualitative reasoning in which physical variables are treated
qualitatively, GQupras has two primitive representations. One
represents physical laws and the other represents (physical)
objects. Using these representations Qupras reasons on:

(1} relations among objects which are components of phiysical
svstems, and
(2} the next states of the systems following transition.

In Section 2 we describe the structure of Qupras, the
representation of Qupras, and reasoning in Qupras. Seetion I
gives an exampie analyzed by Qupras. Finally, we discuss
Gupras along with related research and unresolved issues.

2. Qupras
2.1 The Structure of Qupras

Gupras consists of a representation section and a reasoning
gection, The representation section eontains knowledge of
physics and abjects, and iz dependent on appifeations. The
raagoning section determines the physicol relations that hoid
among the objects and Lheir next subseguent states. The
structure of Qupras ia given in Figure 1.

Tha Ampresantation Saction
T
1. Obdecs: i representmtion of objects
tj] Applied conditions
[2) Relatioms

I, Physies : representation of physics laws
{1} Dbjects
{2} Applied conditiony
{3} Relatians

_,.__.,__,.___

The Reasoning Section

ot L e e W W =

| 1. Gualitative reasoning i
1 {1} Fropagation |
i Oatarming statua of shysical systom |
i at o giwen Time, 1
1 [Z] Prediction |
] Determine the physicsl varisbles, I
1 and waluss which should change. I
i %, Oualitativesquantative evaluation of tneauxlities |
1 |
| I

Evaleats inequaligies, t.w9., spplled conditiona,
vatng relatiens.

Figure 1. Structure of Qupras

The following is a brief description of the representation
section, its details will be given later. The regresentation of



objects in this section mainiy consists of applied conditions and
relations. Applied conditions correspond te conditinns for the
existence of the objects. Objects satisfving theee eonditions are
ealled aetive anjeets.  Reiations are expressed as relative
equations which inciude phivsieal quantities when Lhe ohiects are
active. Heprosentaotions of systems of physics consist of abjests,
applied conditions, and relations. The objects are those
necessary toapply the system of phvsics. The representations ol
applied conditions and relations are simiiar to those of obpects.
Appiied condidons are those renuired to activale a system of
physies. and these systems which are satisfied with their
condilions and whose nesessary objects are activated are ealled
the youve systems of physics. When a given system of physies is
active, its relations are relative eguations holding among
physical gquantities of ohjects specified in  the physical
representation, and they eorreapond to physical laws.

The reasoning section eonsists of qualitative reasoning and
qualitativelquantitative evaluation for inequalities, There are
Lwo kinds of qualitative reasoning, propagation and prediction,
simiiar to thase given in previous pacers [Kuiners 34, de Kleer
4] Both quantitative information and qualitative information
are used in both types af reasening.  Prepagation reasoning
determines the swate of the poysicai world ab o given time lor
during a given time intervail, Prediction reasoning determines
physical varavles that change with time and infers their values
at the next given point in time. Then propagation reasening
predicts the next states of the physieal world using the results of
prediction reasoning,

Physical laws are speeifled in quantitative expressions, and
gualitativesguantitative evaluation of inegualities [(ie,
quantitativelv as well as gualitatively) determines the
eonditions on objects and physieai reoresentations. These
ennditions are expregsed as binomial relations eor Lerms.
Conditions are evaluated using redations in wclive systems of
physics and active objects, The umit performing this
yualitativeguantilutive wvaluabion 15 culled the expression
evaluator. It determines condibions using quantitative values as
much as possible, since quantitative values are known or are
ohtained from the relations Qupras differs fram the farmer
qualitative reasoning systems{Kuipers 84, Forbus 34, de Hlesr
B4! at the pnint where it quantiiatively handles phyvsical
variables. One of the merits te handling physical variables
guaniitativelr is that it is not alwavs appropeiate to handle ail

phvsical variables qualitativelv. Treating all wvariables
qualitatively (even when the walues of wvariables are
quantitatively krownl may lead te ambiguily, Leeause

guantitative information is abandoned to handle all variables
qualitatively, though the guantitative data i3 move
eomprehensive. There are some cases when variables have tn be
treated quantitatively te understand physical phenomena, For
Instance, i we have understond the relaton between the life of
an electric balliery and eonsumption of power per unit time
quantitatively, we can easily lder that the [ife of the battery is
reduced by half when consumption per unit time dounles
Another merit of quantitative treagmen: i3 that it iz not
necessary to transfer quantitative expressions Lo gquulilative
expressions [de Kleer 841 Qupros uses quantitative physical
laws directly, so it dose not have to Lransiale the physical laws to
qualitative representations, 1f only the qualitative information
15 kipown, Qupras can alse use that qualitative information.

2.2 The Hepresentations of Qupras

In Qupras, physical objects are deseribed by the predicate
"objeet” and systems of phvsieal laws are described by the
predicate "physics”. The initial states ,which speeily objects
invalved and initial Facts, are deserihed l?}’ the prediculu
“ipitial__state” “initinl__state” iz regorded as a probiem which
Qupras hag Lo soive,

"obiect” specifles parts, attributes, conditinns nnd relations.
The parte specify the componentz of the abject, Attribolas are
physical quantities. The eonditions and reigtivns are applied
conditions and reiative equations ameng the physical qu antities
of the obiect, respectively. An exumpie of on “ohject” is given in
Figure 2, a specification of a boiler. The warmbie "Aailer” in the
first line iz usad ta describe itsell in the “ahject” description. The
boiler eonsists of two parea One part is 3 container bolding

23

prject Sosler:feiler

parts _of
Coantatngr = containgr
Heat_sgurce - heat_souwrce |

reliations
an{container!Boiler heat_sourcelBotler)
maiting_setntdcontainer!Boilaer

temparaturefhaat_sourcelBoiler

Figure 2. Descoption of a boiler in Qupras

linuid, and the ather i3 a heat snuree heating the eontainer. The
first term in the “part__ o deseription speeifies a varinble to
describe the part in the "object” description. Thal 15, an mstance
ol a part is shown as a varable. The second term @ives the name
of the object deseription. The relations are thoze holding hetween
attribuites and between parts, the fiest of which states that the
epntainer of the boiler 1= on 1ts heat source, and the second that
the melting point of the conlainer 15 below the temperature of
the heut source.

We use  some  special notations  in Gupras.
“<partmame > < variable =" indicotes an instance of the part
whnse name is <partname>. The <varable> is a variable
indicating the whole, The netation
" <attribute > @ <<instance =" is used to show the value of the
<attribute™ in the <instance>, which is an instance of an
object. We use other notations also. "ddtl < variable > ts used to

indicate the temporal derivative of the <variable>.
“coincidencel <wariable 1> <wvariable 2>)" says that

<vyartable 1> and <<variabie 23 are working together, That 1s,
it states that ff <variable 1> has a value, <varable Z>
simultaneeusis nas the corresponding value, and vice verse,

The predicate "physics” specifies objects, ¢onditions and
relations of the physical system in question. (hjects ara those to
whizh this system of physies applies. The syntax of "object”
within "physics” is the same as Lthat ol the "part__of™ within
"abjeet”. The conditions are the applied conditions to activate the
svsiem of physics. Dingmial relations and terms ean be
described in the conditions. Several relations, equality{=}, no
equaiityl < >0, equality of signit=1), no equality of sign{:i<">:]
and imequalitiesi> > = < =<}, can be specified in binomiai
relations. The expression evaluator tries to prove the conditions
using the relations of active objects and active systems of
physies. If conditions are proved to be true, the condilions are
regarded as satisfied, otherwise the conditions are regarded as
unsatisfed, 17 all the objects speciied inn the "objest” are not
active and all the applied conditions are not satizfed, the
“physics™ is nol uctivated. In the relations, earresponding to
physical laws, it is possible to deseribe reiotions wheose nght
sides are general sxpressions and whose operators are the sama
as these of the bingmual relations, in addition to the binomial
relations and the terms. The relations in on active "physics” and
in an active "gbject” are regarded as truths that hold in the
physical world. Figure 3 is an exampie of a "physics”
illustrating the specification in Qupras of the physics of "heat
flow™ from a heat source to a heat sink. This "physics” of heat

physics haat flaw
nhiRcts
Hept_seurce = heat sodrce
ContEYRAr - Container
condstigng
wn{Cantainar, Meat_tourcel |
temparaturedteat_source {3 temsaraturedlontatner
ralatigns
et heatdContainer) 1=: temperaturedHentl source -
tpmppraturedfontainer

g,

Figure 1. Uescriptipon of the physies of "heat {low"



flow needs Lwo objects, a container and a heat source, There are
tweo conditions to activate this “physics™. One condition is the
locational relation between the container and the heat souree,
and it says that the eontainer must be on the heat source, while
the other condition is the temperature relation between the Lwo,
and it says that the temperature of the heat source must be
different from the temperature of the container. The refation of
this “phyaics” shows that the sign of the temporal derivative af
the eontainer's heat i equali to that of the difference between the
temperature of the heat souree and the temperature of the
container.

2.0 Reasoning in Qupras

There are two reasoning mechanisms in Qupras as described
in Section 2.1 above. One is qualitative reasoning and the nther
is qualitative/quantitative evaluation of inequalities performed
by the expression evaluator. We describe the latter first.

The expression evaluater is used to test whether the
eonditions in the “object™ and "physics™ descriptions are proved
by the known reiations oblained from active obiects and active
systems of physics. Relations are given ag expressions and terms.
We ignore the terms in this discussion, because their evaluation
is very simpie. The expression evaluator evaluates the
conditions as follows:

(1) Before evaluation of a eondition, firat examine the values
or signs of each variable on the left and right side in a
eondition.

(21 If the vaives or the signs are oblained, try to test the
condition using them. I the condition can be tested and its
resuilt is not suspension, return the result. If the result is
suspension, this shows that it is impossible to evaluate the
condition using the valoes or the signs. For example, in the
case when anly the signs of two variabies, "X7 and ™Y, are
known to be positive, it is impossible to evaluate u binomial
reiation "X > ¥,

[3) If the result is suspension, logically evaluate the
conditions using the known relations. In this step, the
rejations are regarded as logieel relations.

Here are some examples. The first example is evaloation of
the following ninomial relation:

b |
using the reintions below:
X=5+0C
T = A-B.
A= B
C =5

The expression evaiuator tries to determine the values of "X®
and "¥~ The walus of "X" san easily be shown to be 10 by
evaluating § = C, but [inding the value of "Y" is not so easy. Itis
necessary to calealate the expression "A - B” in order to get the
vatue of "Y". The values of "A" and "B are not ektained directiy
The expression evaluator easiiy determines the sign of "A - B as
negative from the relation "A < B", and the sign of "Y™" is thus
found to be negative. Finally, the first binomial relation "X >
¥ is proved from the vaiue of "X" and the sign of "Y". If the sign
of "Y™ ig positive, the expression evaluator cannet eveluate the
binomial reiations.
The next example is also evaiuation of the same binomial

relatian:

X=>Y
tat the known refations are different:

X>a

A>B.

B>Y.
The sxpreasion svaluater trise to obtain the velues of "X" and
" in the same woy as the previous example. But the values
and signs of both variables cannot be directly determined,
Therefore, the expression evaluator tries to evaluate Lhe
binomial relation wsing trensition rules. There are many
transition rules, for example:

E>AA>Y—X>Y

XeAA=Y—K>T.

Xx=AA>Y—X>7.
Now, the hinomial relation can be proved by applyving the first
transition rule twice, Qupras has transition rules for failare in

addition to the apave transition raies, because the capabilitiss of
the expression evaiuator are not compiete. That s, even if the
expression evaluator cannot prove o binomial relation, thia does
not mean Liak the binomial relation is false. Transition rules for
{ailure are:

X>AA>Y— failureaf X < Y.

X>AA=Y—foilureafX <Y
The axpression evaluater is not very powerful now. One of its
weuk points s that it cannot evaluate an expression that
aimultanesusly requires both quaiitative and quantitative
treatment. For instance, the above binomial rejation "X = ¥"
eannot be proved from the reiations below:

X=4A4+5

Y=A+3.

Now let us turn to gualitative reasoning in Qupras. We have
already stated that there are two bypes of qualitative reasoning
in this system, propagation and prediction. Propagation
reasoning is used to find the active nbjects that aatisfy the given
facts and known relations, and the systems of physics helding
amang the active objects at one time or during a time interval.
Qupras performs this reasoning as follows:

(1) Trv to find inactive objects whose conditions are satisfied
by the given facts and the known relations using the
expression evaluator,

() I such inactive abjects are found, shange them to astive
abjects and register their relations as known relations.

3) Iext, try to find the inactive systems of physics whose
necessary ohiects are active and whose conditions are
satisfied hy the given facts and known reiations.

{4) 1f sueh inactive systems of physics are found, change
them to active and register their relations as known
relations.

(5 If any remaining inactive object or system of physics was
activated in the last sequenee through steps (1) to (4], repeat
asteps (1) to {4), I not, terminate,

Prediction reasoning is used to determine the physical
wariables changing with time {rom known relations which are
the resuit of the propagation reasening. Then the new vaiues or
the new intervals of the changing variables ot the next specilied
tme or during the next time interval are sought. Qupras
updates the given foets according to the spught values orF
intervals. The updated [acls are used as the initial facts at the
next initiation of propagation reasoning. We describe the
procedure of this reasoning briefly below.

(1) Find the physical parameters changing with time. They
are the arpuments of the ddt operater in the known
relations. The dependent physical parameters are specified
by the "coincidence” operator.
{2) Mext, try to find the values or the range of values to
which the parameters change. They are as {ollows:
(a] the values required for currently inactive objects and
innetive sveteme of physics to become active.
(b} the values required far surrently active objects and
active systems of physics to become inuctive,
{11 Seisat the mearest volue to the current value from the
values found in each group.
[4) Perform steps (5) and (6), for the nearest value of sach
Eﬂ,up - = .
(51 Change the value of the changing physical variable to the
nearest value and remove the facts contradicting the nearest
value from the given facts
i8] Perform the next propagation ressoning using the
updated facts.

Qupras does not use quantity spaces as in QPFT {qualilative
nrocess theory) [Forbus 84). Qupras {inds the infermation
corresponding to quantity spaces in stap (20 [T there are several
groups which have the chunging variable in step (4], it is an
ambiguity in {upras which generales several next states. But
Gupras may be able te decrease ambiguity by using quantitative
information of physical parameters.

3. Example ) _ .
We discuss an exampley, it is a boiler, Cnn:tdtr_:hl sim pla
beiler shown Figure 4. Qupras infers the existing objects in Lhe
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beoiler and the systems af physies holding amung the ohjecrs, and
predicts the next states of the boiler. There are four piniect
deseriptions for the boiler, coniainer, water and heat source
required to speciy the boiler svstem. The eontainer description
in Figure 5 is given as another example of an object description,

apject contaimgrifontainer
attriburtes
mglting_point ;
capzeily |
temparature
maLy
comteEnT |
conditions
temperatyredlontainer 4 malting_soimtflontainer |
wnd .

Figure 5. Container description

The description hus a condition specifying the condition of
existence af the container. 1t shows thae if the temperature of
the container is equal to or greater than the meiting point of the
container, the container is broken. A physics [or the boiler
system was shown in Figure 3. There are seven sysiems of
phy=ies far the hailer, as follnws:

(1} heat law
Shown in Figure 3.

{2 boiling
Bailing the liguid in the container.

(3} melting
Multing of the container.

{41 change of temperature of 2 container wilh liguid
This aystem of phyvsies covers temperature change aof the
container and liguid due to heat flow.

{5 change of the temperature of an empty conlainer
Thig systern of physics eonsists of the physical law that
an empty container changes when subjected to heat flow.

(6] containing
This svstem ol physics specifies the relazions of the
physical variables betwesn a eontniner and its comtents,
using the “enineidence” and the "object” predicates. The
"ghiect” predicates are used lo check whether an
attribute of an ohject i an object. Its deseription is
ghown in Figure 5.

Tlemptiness
Thiz iz the phyaieal lew which gives the conditions far
emptiness of the container.

Gupras hag to be supplicd with a description of an initial
state to begin reasoning An example ol an initial state is shown
in Figure 7. It specifies that the temperature of the sontainer wnd
the water is 10 degresy, the boiling point of the water i5 less than
the meiting point of the container, the melting peint of the
container i9 less than the temperature of the heat source, and sa

ahysics containing
aB1aEtE
Containmer = ContaTnar |
comnditiond
apjecr{contentdfontairer)
veiumed{ content#lontatner) 3 8
ralations
volumeifcontentMContaingr) = volumedlontainer |
coincideace| temarraturedlontaingr,
temperaturedi contentdlontainer)) |
coincidencal dat|baatBfcontentdlaontainer}],
¢dt| heet@Lantainss}}

Figure 6. Description of the physics "containing”
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Figure 7. Initial state description

sn. The fzets and relations of the initial state ean be represented
qualitatively sod guantitatively

Using the description of the obiects, physics, and the initial
state, Qupras first finds the active objeets and Lheir relations o
the hoiler system at the initial fime, The intlal state and the
Lrunsition from it deduced by Qupras are shown Figure 8. Theres
are three active ohjects (circled) und the three systems of physics
lin broken line sguares) io the initial state When the initial
seate i knuwn, it is possible to find physical parameters that
vary over time. The temperature of the wuler and the heat of the
waler &re the changing physical parameters in the initinl state,
It is imoossible to find the mext vaive of tha heat of the water,
because Anthing happens ever if the heat Is changed. Sv Qupras
cnnnnt predict the next state aceording to the heat of the water.
(In the other hard, it is possible to Gnd the next value of the
temperature of the water, hecause the physiea of “change of
temperature of a cunbainer with liquid™ will be activated. The
predicted vaiue is greater than 10 degrees and less than its the
boiling peint. Therefore, Qupras ean predict the next state of the
boiler svstem according tn the predicled temperature. Qupras
reusens the net: states bosed on the current state  Fimally
Gupras can reason the transilion of states of the boiler aystem as
shown in Figure 9 from the initial state given in Figure 7.

4. Discussion

We have diseussed Qupras which reasons relatinns among
gbjeets in the physical wyrid and the next states qualitatively
and guentitatively using knowledge of objects and systems af
physics. Qupras is capable of primitive level understanding In
thig seetion, we discuss reluled issues and future researeh an
Quipras,

4.1 Related research

GQupras uses gualitative Teasoning, propage tinn  and
prediction reasoning, correspondiang te the qualitative reasoning
mechanism developed by [Kuipers 34, de Hieer 841 But there
are several differences betweesn Qupras and their systems. They
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take the behavior of differential equations into consideration,
while Qupras deduces the behavier of the given physical system
from its initial state. Both zystems are given the set of the
differential equations of the total system from the start, but
Qupras is not given them and finds them during the propagation
regsonings.  Meither system can deal with changes in
differentiai eguations, because they are given initially. The
evaporation of water in a boiler is one example of this, Moreover,
Qupras deals with physical variables quantitatively as well as
gualitatively and thereby makes it possible to decreasze
ambiguity, while the previous tweo systems only deal with
physical varables qualitatively,

The syntax of Qupras ia similar to that of QPT with some
differences. QPT is baused on processes Lo follow changes in the
phvsical world, but Qupras is baged on physics to focus attention
an relations among objects. So QPT does not deduce individual
views from using knowledge [rom other individual views,
because there i3 no propagativn reasoning in QYFT. Qupras can
deduce relations among objests from applying physical laws
repeatedly. For exampie, Qupras can reason an the physics of
temperature change from the physics of heat flow. Qupras does
not need o use quantity spaces as QPT does. The reason for this
is that we cannot always determine the quantity spaces when
trving to soive a problem,

4.2 Subsequentresearch

At present, Qupras is nol powerful enough to solve many
problems in the ph: ical world. We have to enhanee Qupras
before trying problems. There are many issues which we did not
implement in the eurrent version of Qupras. We are now
studying the following important issues:

{1} Inheritance
Knowledge representation in Qupras does not have an
inheritance mechanism. In general, an inheritanee
mechanism s required fo  represent knowledge
eiTectiveiy. We think that it is possibie to deseribe more
abstract representations by introducing an inheritance

mechanism.
(2} Generic expressions
Some physical laws are represented by generic

expressions, for example KirchofTs voltage law is often
represented as;
= V] + V24 ...+ W¥Vn

This expression is a general representation because the
number n iz undefined. The number n is different in
each prohlem and is determined by the number of
connected devices. So we must introduce a mechanism
which determines the number 1 for any given problem ta
allow generic expressions.

{3} Quantitative aperations in prediction reassning
“ve do net deal with changes in time in prediction
reasoning quantitatively, even i a temporal dervative
and the amount of its change are gquantitatively known,
Dealing with tme changes guantitatively wauld
decrease ambiguity resclting  from  qualitative
treatment.

We plan to introduce a theorem prover for mathematies
because the Qupras expression evaluator is not powerful enough.
Wa aiso plan to introduce manipulation of numerical expressions
as in [Apte B6], in order to manipulate physical laws more
flexibiy.

Acknowledgment

This research is based on discussions in the [COT workung
group FAl (Foundations of Artificial Inteiligence). We wish
express our thanks to its head, Prof. Mizoguchi (Science Univ. of
Tokya), and the members of FAL We would also like to thank
Toeshihike Miyazaki at ICOT, who helped us improve Qupras.
Finaily we must express our thanks to Kazuhire Fuchi, Director
of ICOT Research Center, who provided us with the epportunity
of doing this research in the Filth Generation Computer Systama
Project.

References

{Bowen 82] Bowen, D.L., PFereira L.M., Pereira,F.C.H. and
Warren, D.H,D.: User's Guide to DECsystem-10 Prolog, Dept of
Artiicial Inluﬂig_:n:u, University of Edinburgh (19521,

[de Klear 84| de Kleer,J and Brown,J.3 : Qualitative Physies
Based on Confluence, Artificial Intelligence 24, 7-33, 1984,
[Forbus 84] Forbus, K.D. : Qualitative Process Theory , Actilicial
Intelligence 24, 35168, 1984,

[Kuipers 84] Kuipers, B. : Commaonsense Reasoning about

Causality:Deriving Behavier from  Structors,  Artifiginl
[ntelligence 24, 169-203, 1984,
[Apte B8] Apte, Chidonand and Hong, Se June Using

Qualitative Reasoning to Understand Financial Arithmetie,
AAAL-SE, 942.948, 1986



