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Abstract

In natural language understanding, resolving ambiguity is a very important and
difficult problem. A prowising method for disambiguation is to use grammatical
and semantical preferences and many natural language understanding systems
have been built by using this method. In this paper, we give a logical foundation
of such systems. We believe that the logical foundation is useful in understanding
of mechanism of disambiguation in a more abstract manner and building more
well-behaved svstems.

The idea of formalizing preference-based disambiguation is as follows. We
regard first-order formulas translated from background knowledge and input sen-
tences as axioms. Then, preferences can be regarded as an order over logical
interpretations of such axioms since preferences express criteria to select plausible
readings of input sentences. To express such an order, we can use model-Lheoretical
meta-language [8] which we have already used in formalizing sofl constraints in
scheduling and design [7]. Since we notice strong concurrence between natural
language understanding and scheduling in nse of preferences, we would like to
show that the technique of formalizing soft constraints in scheduling can he used
to give a logical foundation of resolving ambiguity by preferences.
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1 Introduction

Disambiguation is an inevitable problem in natural language understanding.
A promising way of resolving ambiguity is lo use preference heuristics gram-
matically and semantically. Many researches have been conducted along
this line [2, 10, 3]. The aim of this paper is to provide a logical founda-
tion for such systems. We believe that by providing a lugical foundation of
preference-based disambiguation, we can understand usages of preferences
in a more ahstract manner and this understanding helps for building more
well-behaved systems for natural language understanding.

As far as we know, the previous works of logical foundations for resolv-
ing ambiguity are [3, 1, 6, 11]. However, Nagao’s work [6] only considers
a representation of ambiguity by a multiple-world model and suggests an
obscure method for disambiguation. A method of Hobbs et al. [3] resolves
ambiguity by using abduction with attached costs to formulas and Char-
niak’s work [1] deals with noun-phrase reference determination by extending
unification. Zadrozny [11] gives a correspondence between paragraphs and
logical models based on three-level semantics of commeonsense reasoning [12].
Among the above researches, Zadrozny’s work Is the most rigorous and gen-
eral. However. because of its extra levels of inference, this framework is
complex. In this paper, we also will give a general logical framework for
disambiguation by adapting a formalization of preferences in scheduling and
design [7]. This work is a generalization of circumscription [5] based on or-
dering over logical interpretation [8] and. therefore, easily understood than
Zadrozny's work in a model-theoretical point of view.

The idea of formalizing soft constraints' in [7] is as follows. Let hard
constraints be represented in the first-order formulas. Then a logical inter-
pretation which satisfies all of these first-order formulas can be regarded as a
solution. Then, soft constraints can be regarded as an order over these log-
ical interpretations because sofl constraints represent criteria over solutions
to choose the most preferable ones. In [7] we use a model-theoretical meta-
language [3] which represents a preference order directly. This meta-language
can be translated into the second-order lormula to provide a syntactical def-
inition of the most prelerred solutions.

i [7], preferences are called soft constrainds whereas restrictions which every solution
nist satisly are called hard congtromis



This idea can be applied to natural language understanding as well. We
assume that we can translate input seniences into logical formulas. If there

is an ambiguity, then the logical formula contains disjunctions each of whose
disjuncts expresses a possible reading. Then, we regard logical formulas
translated from background knowledge and input sentences as axioms. Since
preferences in natural language are criteria over possible readings., we can
regard these preferences as an order over logical interpretations satisfying
the above axioms. Then, disambiguation means selecting the most preferred
logical interpretations defined with respect to the axioms and the order. We,
therefore, can use our framework to formalize disambiguation.

There are preferences in natural language (same as design and schedul-
ing) which conflict each other as well as prelerences with various priorities.
Moreover, with input sentences added, preferences may no longer be appli-
cable or new preferences may be usable. Therefore, preference rules should
be ready for being retracted at anvtime when the stronger preference rules
are found. We demonstrate these phenomena by examples.

2 Formalization of Preferences

We briefly review our framework [7] to represent a preference by logical in-
terpretation ordering. Before doing that, we introduce notations for brevity.
Let P be a tuple of predicate constants or a tuple of predicate variables, and
Tyse; Ty be individual variables. F(P,zx,,...r,) denoctes a formula which
includes some of these predicate constants or variables and these individual

variables as free variables,
M’ Ef“"“ """ *) A is an abbreviation of the following model-theoretical
meta-statement:

Hd’nE'E'D"'H{.jx1:-¢...;.,e¢£?{

(Mg, . E(Pz1, oz} (M s, L E(Pyaysza))).

Here, E{P,x,....,x.) is a logical expression of a preference and the above
model-theoretical formula intuitively means that for all z,, ..., 2., if M sat-
isfies E(P,x,....,2,} then M’ satisfies it as well.

And Ar =¢I'Ei["‘“""'r":I M is an abbreviation of the following madel-theoretical

mela-statement:



(AL ngp.n.....z.,] MY A (M <EEFm) gy
E{P 71,...2,) < B(Q,2},..., 2, is an abbreviation of the following formula:
Vi Ve Vo (E(Q,z1, ooyxn) O E(P 2y, ., 2a)).
And E(P,z,,....,z,) = E(Q.7....,7,) is an abbreviation of the following
formula:
Yo V. Vo, E(Q,xy,...2x) = E(P, 2, .. 2q))-
In this paper, we only consider preferences with priorities which are

needed for natural language understanding. More general cases are found
in [7]. Let formulas which should be satisfied in the first place be

E}{P,.l:i,...1mﬁ;: Jyees Efﬂ,rI:'.F"._.'J'.';,..,,:\r:,.,_i"1 I
and formulas which should be satisfied in the second place be
EYP, 2y, ,..,.rﬂf]l,,.,,EE,_J{P.rl, ooy T2, Yy eee
and formulas which should be satisfied in the k-th place be
Ef(P,x, ...,:r.“f],...,_ b (Pry, s Tk 1.

"k

Then, an order that M’ is more preferable than M is defined as [vllows:
M <y, ME (M <, MYy A (M <, M),

where M’ <, M is an abbreviation of (M" <}, M)A A (M f_i:;, M) and
M’ <y M is an abbreviation of the following model-theoretical statement:

ENPri s
(NZIACIM =,

i=1

at ! ENFP.rinr,i)
M) D(NZIMT =, tAL)Y,
where M' <} M is a meta-statement without conditional part.

This relation means that interpretations which satisfy £, ..., Ef as much
as possible are preferable and if there are interpretations which satisty the
samme formulas in the first place, then interpretations which satisfy E7, ... £2,
as much as possible are preferable and, ... if there are interpretations which
salisly the same formulas in the (k-1)-th place, then interpretations which
satisly EF, ..., ‘E'Ifm, as much as possible are preferable.

Then, we can show a syntactic definition of the most prelerable interpre-

tations in the above order which satisfy hard constraints denoled as A(P):
AP} A =ZplA(p)nip £ P) A =[P < p)).
where p < P is an abbreviation of (p <' P)a A (p ¥ P)and p < Pis



an abbreviation of the follawing formula:

{A};j‘i r"h?:dbffl:“z“ ...,I“:} = _E,-l,l!(l-‘,,xh '”'x“‘f”} D

{ﬁr:lEE;{P-Ih---uIn;} < E:(P.I.,..,,Ih‘.:l}}

If we regard axiom A({P) as a logical representation of background knowl-
edge and input sentences and we regard the order M’ <, M as preferences
in natural language, then the above syntactic definition expresses the most
preferable readings. And this syntactic definition actually coincides with a
definition of prioritized formula circumscription [5] if we minimize the nega-
tion of each of the above preferences with the same priority.

3 Representation Issues

3.1 Logical Representation of Sentences and Back-
ground Knowledge

A semantic representation used in this paper is an adaptation of Kowalski's
event calculus [4]. However, the idea of formalizing disambiguation does
not depend on a particular representation. We assume that each sentence
expresses an cvent. For example, a sentence “John gave the telescope to the
man” is represented as the following formula.

act( F, Give) Aactor( E, John) fobject( E, Telescope) Arecipient{ £, Man)
A complex sentence is supposed to be decomposed into a set of simple
sentences which is translated into the above representation. Ambiguities are

expressed by disjunctions. For example, a sentence “John saw a man with a
telescope” has the following ambiguity in meaning of “with a telescope”,

l. John used the telescope as an instrument.

2. The man had the telescope.
This sentence is expressed as follows., The last conjunct expresses the above
ambiguity.

time( L, Ty A act( £, See) A actor( £, Joln) A vbject{ £, Man)A

(tnstrument( E, Telescope)v
(time{ B Ty acl( B, Have) Aaclor{ B, Man) fobjeet( B telescope)))



In addition to the semantic representation, we also usc syntactical in-
formation from a parser so that grammatical preference rules can be used.
For example, we show some of the grammatical information of the sentence
“John gave the telescope to the man” as follows. (We assume that sentence
number is 1).

subj(1, John) fverb( 1, Give) A direct-obj(1, Telcscopelh

indirect.obj(1, Man) A in_the_sentence(l, John)

By using these basic predicates, we can represent background knowledge
which are always valid. For example, background knowledge “If a use o as
an instrument at time { then a has e at time i” can be expressed in the
following formula.

VeWiva¥o((time{e, i) A actor(e, a) A instrument(e, o)) D

Je, (timeley, 1) A act(e,, have) A actor(e,, a) A object(e;, o))

3.2 Logical Representation of Preferences

We can represent preferences as a formula which should be satisfied as much
as possible. A priority among preferences can be handled by putting stronger
preferences into a stronger hicrarchy of preferences and a context can be
represented by including them conditional parts of preference rules,

For example, consider the following two grammatical preferences.

1. If “He" appears in a scntence as the subject and the subject in the
previous sentence is male, then it is preferable that “He" refers to the
previous subject.

2. If *He” appears in a sentence as the subject and somcone in the previ-
ous sentence is male, then it is preferable that “Jf¢” refers to that one
in the previous sentence.

Suppose that the former is stronger than the latter. This priority of the
preferences means that the formula:

(is{a, Male) A subj(i,a) A indhesentence(i + 1. He)) 2 egla, He)
should be satisficd as much as possible for every a and ¢, and i it is maximally
satisfied then the following lormula:

(rs{a, Male) ninlthe sentence(r,a) A J!h.ﬁ_.qr:m!f::-mr{i + 1, e}y o



egla, He)
should be satisfied as much as possible for every a and i.

Note that preferences are conditional sentences. If & conditional part of a
preference is not true, then the preference is not applicable. This expresses
contextual dependency of preference hecanse if the context entails the con-
ditional part of a preference, then the preference is applicable.

We can represent semantic preferences as well. For example, a prefer-
ence “If @; sees a;, then a; and a; are not equal” means that the following
expression should be satisfied as much as possible for every €,a; and ay:

(aci({e, See) A actor(e, ay) A object{e,az)) D —eqlay, a;)

4 Examples
We use the following sets of sentences. This example is adapted from [6].
1. John just saw a man with a telescope.
2. He bought the telescope yesterday.
3. But, he gave the telescope to the man this morning.
In the following analysis, there are some points which should be mentioned.

1. We assume that we can translate a sentence nto a logical formula
discussed in the previous section. We think that this kind of translation
is easy by using a parsing tree of the sentence.

2. We assume that we can attach time stamp {expressed as integer) for
events if it is possible. For example, in the above set of sentences, we
assume that “yesterday” means time 0 and “this morning” means time
1 and “just” means time 2. This attachment of time stamp should be
flexible if mare input sentences are added.

3. We do not consider multiple-relerence of pronoun “He", so “He" has
only one denotalion. Moreaver, we assume that “He™ is used only as
the subjective case. However, these restrictions are imposed because of
space imitation of thiz paper and can be removed.



4. In the following logical represeniation, we omit irrelevant information
in the above sentences. For example, we show only logical formulas for
grammatical information needed for analysis.

We consider the following background knowledge which are always true.

. v . . . d
We denote the conjunctions of the following axioms as Ag(P) where P ef
(eq,is, time, act, actor, object, recipient, instrument, subj, in.the_sentence).

1. If a; 1s equal to a; then ag is equal to a,.
Ya,Yaaleglar, az} O eqlaz, 1))

2. If ay and a, are equal and ag and az are equal, then e, and a3 are equal.
Ya,Ya,Vas((eglar, ag) A eglay, az)) O eqlay, a3))

3. If ay is equal to a,, then a, is an actor of 2,°s action, too.
WeWa,Vaa((eqlar, az) A aetor(e,ar)) D aclor(e, az))

4. If @ use ¢ as an instrument at time ¢ then a has o at time 1.
WeWiYaVo{(time(e,i) A actor(e. a) A instrument(e, o)) O

Jey(time(e;. i) A act(eq, have) A actor(eq, a) A object({er, 0)])

5. If ¢; has o at time i and a, and a, are not equal then a; does not have
o at thme .

WeYiva,VaVove, |
(time(e, 1) A act(e, Have) hactor(e,a;) Aobject(e, 0) A —eglay, az)) D
((timeley,1) A act{ey, Have) A acter(ey, az)) D =object(ey, o))

We consider the following preferences.

i. If a; sees az, then a, and a; are not equal.
E:[P1Er“|1ﬂf] =
(act(e, See) A actor{e,a,) A objeet(e,az)) D ~eq{ay.az)
2. If @, gives something to a,, then a; and a; are nol equal.
E)P,eaa:) =

(act(e, Give) A actor(e,a,) A recipient(e, az)) D ~eqlay, az)



3. If a is male and a 1s the subject of i-th sentence and “He" is in the
next sentence, then a is equal to “He".

E%(P,ea,i)=
(is(a, Male) A subj(i,a) A inthe sentence(i + 1, He)) D
eqla, He)
4, It @ is male and @ 15 1n 7-th sentence and “ffe” 15 in the next zentence,
then a is equal to “Ife”.
EYP,a,i) =
(2s{a, Male) A in_the sentence(s,a) A inthe_sentence(i + 1, He)) O
eqla, He)
4. If someone gives o to a at time i, then a has o at time 1 + 1. This
expresses inertia of ownership.
EiP,e a,0,i) =
{act{e, Give) A object(e,0) A recipient(e, a) A time(e, 1)) D
deyf{act{e, Haove) A actor(ey, a} Aobject(eg, 0] A time(eg, 2 + 1))
6. Il a buys o at time ¢, then a has o at time ¢ + 2. This prelerence is

weaker than the former preference because time interval is longer than
the former preference.

E}(P,e a,0,1) =
{act(e, Buy) A actor{e, a) A object(e, o) A time(e, 1)) D
deilact{e;, Have) Aactor(ey, a} A object(e), 0} A h';i'msl[el,:' + 2))
We assume that £} and E} are formulas which should be satisfied in the first

place, E} in the second place, E} in the third place, £ in the fourth place

and E7 in the fifth place.
We first show a logical reprasentation of the [ollowing sentence and denote

it as A (P).
John just saw a man with a telescope.
time( B, 2) Aact( By, See) A actor( £ Joln) A object{ £y, Man)A
is{John, Male) A is{Man, Male) A subj(l, Jolhn)A

L)



inthesentence(l, John) A in_the sentence(l, Man)A
(instrument{ E,, T'elescope)V
(actor(E}, Man) A time( F},2) hact(E}, Have) hobject( Eq, telescope)))

We can not solve ambiguity of this sentence cven if we use the above
preferences. So, this sentence is essentially ambiguous.

However, suppose we add the following sentence.

He bought the telescope yesterday.
We show a logical representation related to this sentence and denote it as
A2 P).

time( Ey,0) A act{ Ez, Buy) A actor{ Ly, He) A object( Eq, Telescope}h

inthe_sentence(2, He)

The svntactic definition of the most preferable readings is as follows.
A(P) A =3p(A(p) A(p < P) A (P < pll,

where A(P) is equivalent to Ay(P) A A (P) A Ay(P),
and p < P is an abbreviation of (p <' P) AL A (p <° P) and each p <P
is defined in the same way as in Section 2.
We show an intuitive explanation of inference as follows. From the prefler-
ence 3, “He" preferably refers to John and from the preference 6, we infer Lhat
John had the telescope at time 2 and therefore the man cannot have the tele-
scope at time 2 from the background knowledge 5 and therefore the telescope
was nsed as an instrument from the last disjunction in 4;(P). This inference
can be done because the used preferences do not conflict each other. We can
actually infer inslrument( £, teleseope) from the above syntactic definition
of the most preferable readings.

Suppose we add the following sentence to the previous sentences.

But, he gave the telescope to the man this morning.
A logical representation related to this sentence is as follows. We denote the
formula as A3(P).

tirne( Eq, 1) A actl By, Give) A actor( By, He) A olject{ Ly, Telescope)n

recipient( g, Man)

Il we replace A{P) by A(P)AA3(P) and A(p) by A(p)AAs(p) i the syntactic
definition, the meaning of “with” is changed. From prelerence 3, Lhe man



should have had the telescope at time 2. This preference overrides preference
rule 6 hecanse the priority of the former is higher than the latter.

It is interesting to see if we replace the third sentence by the following
sentence.
But, he gave the telescope to John this morning.

A logical representation related to this sentence is as follows. This formula
15 added to A(P).

teme{ Es, 1) A act( By, Give) A actor( By, He) A obyect{ B3, Telescope)A

recipient| By, John)

In this case, the preference 2 is used and “He" is assumed not to be John.
Then, the preference 4 instead of the preference 3 is used because the pref-
erence 2 overrides the preference 3. Then, we can infer that “He” should
be the man and from the preference 3, we can conclude that John used the
telescope as an instrument.

We can calculate the above results semi-automatically by using the hierar-
chical logic programming language called CHAL{Contrainte Hierarchiques
aver Logique} (9] which can be used as a propositional circumscription prover.
In this computation, we manually introduce Skolem functions for existential-
quantified variables and instantiate universal-quantified variables in back-
ground knowledge and preferences with relevant constants in the input sen-
tences. Then, we can use CHAL to calculate a propesitional circumscription
because backgmunl:l knowledge and preferences are ground, that is, proposi-

tional.

5 Discussion

(1) Computability:

Since a syntactic definition of the most preferable readings is represented
in a second-order formula, it is not computable in general. However, in
natural language understanding, we believe that we can delete existential-
quantified variable by introducing Skelem functions and resirict range of
universal-quantified variables to constants in input seotences. 11 it is true, all
preferences and background knowledge become propositional and caleulating
the most preferable readings becomes computable. We have to check if thas
method is always applicable by examining many examples.

10



(2) Avoiding Combinatorial Explosion:

Although a disjunctive representation of ambiguity reduces combinato-
rial explosion, we think thal the best way is to introduce parsing rules as
first-order axioms so that parsing results need not be represented explicitly.
‘This means an integration of grammmatical process and semantic process into
unified representation of first-order logic so that various proof strategy can
be used to aveid combinatorial explosion.

{3) Representation of Contexts and Preferences:

One might think that a representation of conlexts and preferences will
be difficul.. However, we believe that the following methods help to find a
suitable representation of contexts and preferences.

1. Categorization:
We categorize contexts and preferences so that hierarchical description
can be used. llowever, this method needs a careful analysis of contexts

and preferences.

2. Dehugging:
Tf we do not get the intended meaning by the current preferences, then
we debug inference process to find unintended preferences and intro-
duce a new rontext to avoid using unintended preferences. We believe
that this process is relatively casy because of a logical representalion
of preferences.

3. Learning:
The hest is to learn contexts automatically from reading a lot of texts.
This method must invelve statistical analysis of texts to produce pref-
erences among possible readings.

Although these three methods have not been proved Lo be successtul yet,
we believe that this paper gives a theoretical springboard [or these turther
studies.
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