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Fernando C. N. Pereira

Artificial Intelligence Center, SRI International
and Center for the Study of Language and Information, Stanford
University

Abstract

This paper is an informal survey of models of grammatical categories in
unification-based formalisms from computational linguistics and their rela-
tionship to current logic programming concepts. The basic notion of par-
tiality in the informational content of grammatical categories is introduced,
and specific antomata-theoretic, denotational and logical models of partial
information are outlined. The expression of disjunction, negation, inheri-
tance and indeterminate constraints in categories is also discussed.

1 Introduction

In parallel with, and for all intents independently of, the development of
logic programming and logic grammars, computational linguists, starting
with Martin Kay [19], have developed a notion of structure unification re-
markably similar to the notion of unification for first-order terms. This
line of work has led to the development of a variety of models for linguistic
objects and their combination that has remarkable simslarities with ideas
from logic programming, but also some significant differences. For concise-
ness, I refer to those models of linguistic objects in the rest of this paper as
partial-information models, even though related, and sometimes more gen-
eral, notions of partial information occur in logic, denotational semantics,
and knowledge representation.

Kay’s functional-unification grammar (FUG) has as its origin an attempt
to clarify and give a computational realization to the linguist’s notion of
feature. Broadly speaking, whereas the atomic phrase labels of context-free



grammars may be sufficient to characterize the relatively simple grammati-
cal categories! of computer languages (but see Algol-68!), natural-language
phrases need much richer classification systems because different grammati-
cal rules are sensitive to different phrase features. For example, subject-verb
agreement in English appeals to a number feature, with possible values sin-
gular and plurel. On the other hand, the requirement that a transitive verb
have a direct object may be expressed by a list-valued subcategorization {ea-
ture for the verb, where the feature value specifies which complements the
verb requires. In general, categories are given by specifying the values of
some features and leaving other features unspecified. Furthermore, the cat-
egory t of phrases of both category ?; and category t; is defined whenever
{, and i, are compatible, in the sense that they assign compatible values
to features specified in both categories. Still informally, we say that ? is
the unification of t; and ¢;. A similar notion of category was given further
linguistic wotivation in the theories of lexical-functional grammar (LFG) [3]
and generalized phrase-structure grammar (GPSG) [8].

A precise mathematical characterization of grammatical categories needs
a careful distinction between categories and descriptions, which are formal
expressious representing categories (or, in other terms, formal characteri-
zations that phirases may or may not satisfy). However, this distinction is
sometimes blurred because the most convenient mathematical construction
of the domain of categories may be in terms of descriptions. Furthermore, '
in the less expressive models that I discuss, categories and partial values
can be identified. Thus we have thus a cluster of strongly related notions
of description, category and partial value. For this cluster, I use the term
grammatical category, or just category.

The notion of category implicit in FUG and developed in more recent
models, is discussed in more detail in the rest of the paper. For the reader
who is familiar with definite-clause-based logic grammars, the above notion
of category may seem almost undistinguishable from the that of first-order
terms as partiallv-specified objects in logic grammars. However, this similar-
ity should not be allowed to conceal some important formal and pragmatic
differences. A few distinctions are particularly important in this connection:

¢ Partiality of expression is taken as fundamental in the notion of cate-
gory, that is, phrases are classified using partial descriptions for whick
there is no natural notion of most specific (ground) description. This

'In this paper, the term “category” is always used in its linguistic sense, never in the
mathematical sense of category theory.



contrasts with the space of first-order logic terms, in which the ground
terms are the most specific objects.

e Grammatical categories are modular, in the sense that different clus-
ters of features or a category bear information relevant to different
parts of the grammar. No rule should have to mention features that
are irrelevant to the rule. This point is further elaborated on Section
2.1,

¢ The burden of representation falls much more heavily on descriptions
thian on rules. This means that grammatical constructions that have to
be expressed by alternative rules in a definite-clause grammar (DCG)
might instead be described by disjunctive descriptions, that is, dis-
junctions of other descriptions. In particular, in FUG there are no
grammar rules whatsoever: the grammar is just a large disjunctive
description.

e Inherent partiality leads to particular problems in the interpretation
of inequalities and negation, as will be discussed in Section 6.2.

The paper is organized as follows. I discuss grammatical categories and
some of their abstract properties in Section 2. In Section 3, I introduce the
feature-value model of categories, together with its informal realization in
terms of directed graphs. In Section 4, I outline an equational model for
categories based on Scott’s concept of information system; in this model, the
system of categories has the required mathematical properties. The need for
disjunctive descriptions and the difficulties of expressing them in previous
models leads to the Rounds-Kasper logic, which is discussed in Section 3.
In Section 6 I consider three proposed extensions to the basic feature-value
model: inheritance, negation, and the use of regular expressions over features
in equations. Finally, in Section 7, I present my suggestions for further work
in the area.

As a snapshot of current research, a survey of this kind is both dated
and limited in the range of issues it covers. For reasons of space and time, I
have deliberately restricted the main discussion to concepts and formalisms
derived from the specific needs of computational linguistics. Thus, I should
acknowledge here some ideas and techniques that are not discussed in detail,
even though they are clearly relevant to the modeling of grammatical cate-
gories. Among these I include Ait-Kaci’s calculus of type subsumption [1],
Cardelli’s system of types with inheritance [4], Mukai’s CIL [23], and recent



cat = N
bar = 2
number = singular

3T = person = third

Figure 1: Feature-Value Matrix

unpublished work of Goguen and Meseguer on an initial-algebraic account
of the calculus of features. A comprehensive coverage including both those
models and the linguistically motivated ones must await the development of
a unified framework for partial objects and partial information.

2 Grammatical Categories

2.1 Features and Values

Categories in linguistics are usually specified by giving values for certain
features of the phrases in the category. For example, the category singular
noun phrase, of which “ ‘The Man without Qualities’ ", "the book™ and “an
unread book with more than 200 pages” are instances, might be given by
specifying the feature cat (for category) as N (for noun), the feature bar
(for bar level) as 2, and the feature agr (for grammatical agreement) as
having a value with its number feature (for grammatical number) specified
as singular. However, other features, such as definite that indicates
whether the noun phrase is definite (the first two examples are, the third is
not), are left unspecified. A partial description (or category specification)
like the one above is usually given either in matrix form as in Figure 1 or in
graph form as in Figure 2.

This direct expression of linguistic features should be compared with the
encodings normally used in DCGs and related logic-grammar formalisms. In
these formalisms, complex categories are represented by compound nonter-
minal symbols, with argument positions playing the role of features. Such
an encoding is not only unnatural for the linguist, but it also suffers from
lack of modularity. Adding a new feature will require changes to all occur-
rences of complex nonterminals that may require that feature, because a
new argument position is needed for the feature. In contrast, with feature-
value notation only those rules involving a particular feature need to refer



person

singular third

Figure 2: Feature-Value Graph

to it. This reflects the linguistic modularity implicit in the notion of feature:
linguistic distinctions are made along several independent dimensions that
relate to different parts of a linguistic rule systen.

If all the information we have about phrases is in tle form used in the
above example, we may model categories directly in terms of feature trees
(as in LFG) constructed from features like cat and atomic values like N.
More formally, given a set of features F' and a set of atomic values C, we
can define a set V of coniplex values as the union of the sets V; where V= C
and V; is the set of all partial functions v : F' — |J;; Vi with finite domain
|v]. With this construction, a value is either a constant or a partial function
with finite domain from features to values. The value of some feature f of
a feature tree v is given by applying v (a partial function) to f if f € ||,
and is undefined otherwise.

Certain notational couventions make it easier to discuss gramnmatical
categories. The symbol L in equations such as v(f) = L is used to mean
that the partial function v is undefined for argument f. A sequence of
features {f; --- fu) is called a path. The symbol < will represent the prefix
relation on paths, that is, p < p’ if p is a strict initial subsequence of p'.
The concatenation of two paths p and p' is represented by the expression

p-p. For any comple\c value v and path p = {fi -+~ fa), the expression v/p
represents the value (---v(f1)---)(fa), if the latter is defined.

A feature tree v € V' can be identified with a category, the principal



category of v, which is the set of all the feature trees v' subsumed by v. A
feature tree v subsumes all feature trees that are at least as informative as
itself, that is, all feature trees that specify at least as many features as v
with values at least as informative as those given in v. More precisely, v C v’
if both are identical atomic values or if both are partial functions such that
|v] € |v'| and for all f € |v|, v(f)} C ¥'(f). H v subsumes »', we also say that
v’ is an instance of v.

2.2 Abstract Properties

With the definition given in the previous section, feature trees are partially
ordered under the subsumption relation C, which carries over to their prin-
cipal categories. Feature trees and their principal categories are a particular
case of an abstract notion of grammatical category.

A set of objects can be used to classify phrases by means of a relation s : ¢
between phrases s and objects t, read s ¢ a t. For the set of classificatory
objects to qualify as a set of grammatical categories, it should satisfy at
least the following conditions:

» The subsumption relation ¢t C ¢’ that holds between t and t' if and
only if every phrase of category t' is of category ¢ should be a partial
order. :

» Categories ¢ and t’ are called consistent if and only if there is t” with

t Ct"and ¢ C¢". If t and t’ are consistent, there should be a least (in

the subsumption ordering) category tUt’ with t C tU¢ and ¢/ C U/,

the least upper bound (lub} of ¢ and t'. This lub is also called the

unification of ¢ and t'.

o The subsumption ordering should have a least trivial category . to
which every phrase belongs.

It is easy to see that feature trees and their principal categories sat-
isfy the above conditions. The trivial category corresponds to the partial
function with empty domain. The unification of two feature trees (and the
corresponding principal categories) can be defined by the condition

o(IUV(f) felvn]v
(eu)(f) =1 2(f) fE o] = v
v'(f) fel|—]v



(1) (2)

cat ~ bar agr
N 2
number person
singular third

Figure 3: Two Unifiable Trees

for f € |v| U |v'|, whenever all the unifications in the right-hand side are
possible; two atomic values unify just in case they are identical. For example,
the tree in Figure 2 is the unification of trees (1) and (2) of Figure 3.

The description analogue of a phrase s being of a category is the phrase
satisfyving a description d, s = d. However, the corresponding subsumption
relation between descriptions may not be a partial order but just a preorder
(a reflexive and transitive relation), because there may be formally distinct
descriptions satisfied by exactly the same objects, This situation is familiar
in many settings, including the case of the subsumption ordering of first-
order terms, in which descriptions are first-order terms and the objects are
ground terms, and all renaming variants of a given term are satisfied by
exactly the same set of ground instances (which may be identified with the
category corresponding to those renaming variants).

3 Feature Graphs

Although feature trees correspond very closely to the linguistic notion of
category, principal categories are insufficient for linguistic description. The
reason for this is that grammar rules do not normally define principal cate-
gories, but rather categories expressed in terms of constraints between parts
of feature trees, much in the same way as shared variables in a Prolog clanse
impose constraints on the extensions of Prolog predicates. Informally, such



Figure 4: Feature Graph for Subject-Verb Agreement

constraints can be expressed by moving from feature trees to feature graphs.
For example, the agreement between subject and verb in English sentences
might be represented by the graph in Figure 4. The intended interpreta-
tion of the graph is that the agreement feature agr of the subject subj of
a sentence is the same as the agreement feature of the verb of the predicate
pred or the sentence. In category terms, the graph may be thought of as a
description of the category of all feature trees with identical subtrees at the
ends of the paths (subj agr} and (pred verb agr) from the root. It should
be obvious that graph descriptions are analogous to nonground first-order
terms with multiple occurrences of variables.

The feature graph above is acyclic, as seems to be the case with most
feature graphs used in linguistic description. However, certain phenomena
seem to be more easily described using cyclic graphs. For instance, case-
marked noun phrases may be represented by a cyclic graph that indicates
that the phrase is the value of a particular grammatical function {say, object)
of the embedding clause. As an example, the category of accusative noun
phrases might include the subgraph of Figure 5, which states that the given
noun phrase is the direct object obj of its embedding clause. Again, cyclic
feature graphs have a direct analogue in logic programming, namely the
rational terms of Prolog-II [5].

The grammatical categories of Section 2.1 correspond to the special case
of tree-shaped feature graphs. Feature graphs that are not trees are called



clause obj

Figure 5: Cyclic Feature Graph

reentrant. Graphs can be modeled by deterministic finite-state acceptors
with a single initial state. The initial state is the root of the graph, transition
labels are features, and final states may be labeled by atomic values [1,26]..
Formally, given a set F of features and a set (' of atomic constants, a feature
graph is given by a quadruple (8, sq, 6, =) where § is a set of states (or nodes).
sp € S is the indtiul state, § : § X F — § is the [partial] nezt state function,
and 7 : § — C' is the [partial] labeling function, whose domain is contained
in the set of final stales, which are those states s for which there is no
feature f such that é(s, f) is defined. For any path p = {fy--- fa) and any
feature graph g with initial state sg, the expression so/p represents the state
&(---8{ fi,80) -+, fn), if this is defined, and the expression g/p represents
the subgraph of g reachable from sq/p.

A graph g = (5, 50,6, ) subsumes another g’ = {5’, sf,, 8, #’) if and only
if there is an automaton morphism m : g — ¢', that is, a function from S to
S’ with m(sq) = sg, and for every f € F and s € 5, m(8(s, f)) = &§'(m(s), f)
and #'(m(s)) = =(s). For example, according to this definition graphs (1)
and (2) of Figure 6 subsume graph (3), which is in fact their unification.

Graph subsumption as defined here is a preorder, analogous to the sub-
sumption ordering of rational terms. In the same way as with rational ternis,
it is easy to define equivalence classes of graphs (which are just isomorphism
classes for automata) and from them a partially ordered set of graph equiv-
alence classes with a unification operation satisfying the abstract properties
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Figure 6: Graph Unification
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discussed in the previous section. Furthermore, the UNION-FIND unifica-
tion algorithm for rational terms [11] has a direct feature graph analogue,
which was independently discovered in a somewhat more general setting by
Ait-Kaci [1,2].

The above notion of graph subsumption has the consequence that all
instances of a reentrant graph are themselves reentrant. Thus, the principal
category of a reentrant feature graph contains only reentrant feature graphs.
However, it is sometimes convenient, as is done in LFG [3], to think of acyclic
feature graphs as defining categories of feature trees, rather than categories
of feature graphs. More specifically, a feature tree ¢ satisfies an acyclic
feature graph g with initial state sg iff the following three conditions are
satisfied:

s For any path p, if s5/p is defined then t/p is also defined.
o If pis a path with sg/p a final state with label ¢, t/p = ¢.

s For any two paths p and p', if so/p = so/p’, then for any two paths ¢
and ¢’ with p<qand p' < ¢, t/qg=1t/q.

The idea of this definition is that a tree satisfies an acyclic graph just in case
the tree is at least as defined as the graph, and furthermore the identities
between features indicated by reentrancies in the graph are satisfied in the
tree. The set of trees satisfving the graph is the iree category defined by
the graph. When moving from graphs to sets of trees, we must be clear
about the different notions of identity being used. In a feature graph, an
identity is given by a reentrancy, that is, two paths from the root reaching
the same node. In a feature tree, subtree identity is just equality of partial
functions as sets of ordered pairs. Thus, in feature graphs we have a kind of
intensional identity (like eq in Lisp) whereas in features trees the identities
are ezrtensional (like equal in Lisp).

The tree category defined by a graph is analogous to the set of solutions
of a finite set of equations over first-order terms. As in this case, in general.
given a graph, no finite set of trees will have as its instances exactly the tree
category of the graph [21].

The above characterization of feature graphs and their tree categories
is rather complicated. Just as in the case of first-order terms, equational
characterizations seem to make things substantially simpler. This is the
subject of the next section.
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4 A Denotational Model

In Section 2.1, grammatical categories were defined in terms of partial func-
tions over features, but only principal categories, corresponding to the cat-
egories subsumed by a single tree-shaped category, could be defined. In the
preceding section, we saw an automata-theoretic mode] of feature graphs.
Here, I introduce a model of features and values based on deductive oper-
ations on sets of formal equations over features. This mode] was originally
introduced in joint work with Stuart Shieber [25] as a basis for a denotational
semantics for a variety of unification-based grammar formalisms. I should
note from the outset that the relationship between this denotational model
and the automata models has not yet been characterized rigorously, so the
model is presented here more for its heuristic value than for any specific
results tying it to earlier and later models.

The basic idea of the present model is that grammatical categories are
defined to be certain sets of path equations over the prespecified sets I
of features and C of atomic values. Earlier, we used the notation z/p to
represent the value of the feature tree or graph z at the end of path p.
When the object z is fixed, we can omit it and express conditions on the
values of z's features just in terms of paths and atomic values. A path
equation is then a formula u» = v where # and v may be paths or atomic
constants. For example, the graph of Figure 4 can be represented by the
path equation

(subj agr) = (pred verb agr)

In what follows, we need a notion of consistency for sets of path equations
that captures the notion of a set of equations without any unification clashes.
Consistency will be defined in terms of the absence of two kinds of clashes.
A constant clash is any set consisting of a single inconsistent equation of the
form ¢ = ¢’ for distinct atomic values ¢ and ¢/. A constant/complez clash
is any set of two equations e; and e; in which e; equates some path p to
some other path or atomic value and e, equates a strict prefix of p to a
constant. Constant clashes correspond to attempts to give the same feature
different atomic values (analogous to a constant clashes in term unification)
and constant/complex clashes correspond to attempts to give both an atomic
and a complex value to some feature (analogous to constant/function-symbol
clashes in term unification).

Path equations obey the usual laws of reflexivity, symmetry, transitiv-
ity and substitutivity of equality. More precisely, the notion of immediate

12



consequence for path equations is given by the single axiom
() = () (Trivial Reflexivity)

and the following rules of inference where u, v and w stand for arbitrary
paths or atomic values, p, ¢ for arbitrary paths and r for an arbitrary
nonempty patl:

: : Z (Symmetry)
u= vu _ l: =W (Transitivity)
p= qq - z-vf =7 (Substitutivity)
% (Reflexivity) .

An equation e is a consequence of a finite set E of equations (E | ) if it
can be derived from elements of £ and the reflexivity axiom by repeated ap-
plications of these rules. A finite set of equations E is consistent if and only
if the set of its consequences does not include constant or constant/complex
clashes. An arbitrary set of equations is consistent whenever all of its finite
subsets are consistent, and it is deduciively closed whenever it contains all
the consequences of its finite subsets.

The preceding machinery is just what is needed to define the set of
grammatical categories in terms of Scott’s information systems construction
[27]. Scott’s model is built from a set of basic propesitions with notions
of consistency and consequence for finite sets of propositions and a trivial
proposition. With certain reasonable conditions, which I shall not cover
here, the set of deductively closed sets of propositions partially ordered by
inclusion satisfies the abstract properties of Section 2.2. ? In our specific

2In fact, it satisfies the much stronger condition of being w-algebraic consistently com-
plete cpo or domain. A cpo {complete partial order) is a partial order with a least element
in which every infinite increasing sequence has a lub. A cpo is consistently complete iff if
every consistent set of elements has a lub, where a set of elements is consistent if it has
an upper bound. An element of a cpo is w-finite iff whenever it is less than the lub of an
ascending sequence it is also less than some element in the sequence. A cpo is w-algebraic
if the set of its w-finite elements is denumberable; furthermore the set of all w-finite ele-
ments less than any element in the cpo is directed and has the element as its lub, where a
set of elements is directed if it contains an upper bound of each of its finite subsets.

13



(1) (2)

number

plural

(3) (4)

NN

Figure 7: Example Categories

case, the propositions are the consistent equations, the trivial proposition is
the trivial equation {} = {), and the notions of consistency and consequence
are as defined above.

We have thus a model of grammatical categories in which a category is
identified with a consistent, deductively closed set of path equations. The
unification of two categories, if it is possible, corresponds to the deductive
closure of the union of the two sets of equations representing the categories.
Unification failure corresponds to the inconsistency of that union, that is,
two categories fail to unify if and only if a clash occurs the set of consequences
of the two categories taken together.

In the following examples, I have omitted from equation sets the trivial
equation and one-step applications of the symmetry rule. The four categories
depicted in Figure 7 can be represented by the following sets of equations

(1) {{number) = plural}

(2) {(subj agr) = (pred verb agr}}

14



{ Q=@ E)=({1),...
(3) (=1

{ Q=@ =({E£1),...
(4) () = (£ £11),...

It is worth noting that the subsumption ordering for cyclic categories
is treated in this model in exactly the same way as the ordering of acyclic
categories. In the example above, the equation set of category (3) containus
that of category (4), and thus category (3) is an instance of category (4),
which corresponds exactly to the subsumption ordering for rational terms
[5]. It is also interesting to note that, in contrast with some models of in-
finite trees in logic programming [13], the present model provides a simple
algebraic property distinguishing rational categories (those that are defined
by finite sets of equations) from irrational ones, namely that rational cate-
gories are exactly the w-finite elements in the domain of categories. In other
words, any rational category will be reached in a finite number of steps by
any ascending sequence of categories that converges to the element.

It is very easy to define tree categories associated to the notion of cate-
gory just introduced. A feature tree is said to satisfy a category if and only
if it satisfies all the equations in the category. A tree t satisfies an equatiou
p=p if and only if t/p and t/p’ are defined and t/p = t/p’, and it satisfies
an equation p = ¢ if and only if ¢/p is the atomic value e. With a suitable
model of infinite trees, it is easy to extend these notions to define categories
of rational trees satisfying equational categories.

5 The Kasper-Rounds Logic of Feature Graphs

The notions of grammatical categories discussed so far in this paper do not
differ that much from first-order terms in their expressive power. However,
certain linguistic analyses, and in fact the whole framework of FUG, require
more expressive notions of grammatical category, in which disjunctive classi-
fications can be expressed. In FUG, the natural expression of the agreement
and case information for the German definite article form “die” might be

15



number = singular
agr = gender = feminine
[number = plural]
case = {nom acc}

where the square brackets indicate conjunction and the braces disjunc-
tion. The meaning of this expression can be given by a formula over path
equations

[({agr number) = singular A (agr gender) = feminine)v
{(agr number) = plural]A
({case) = nomV (case) = acc)

However, the situation becomes more complicated when disjunction
and reentrancy interact. To give a precise characterization of the rela-
tion between disjunctive categories and feature graphs, Rounds and Kasper
[26,18,17] developed a logical language to be interpreted over acyclic feature
graphs. Because the properties of the Rounds-Kasper logic are covered in
detail in their work, T give only an outline of the syntax and semantics of
the logic here to connect it with the other models under discussion.

The language of feature graphs is reminiscent of the Hennessy-Milner
modal logic for synchronization trees [10]. Each atomic value in the under-
lying feature graphs is a formula in the logic. If ¢ and % are formulas and f
a feature, then ¢ V9, o A ¢ and f: ¢ are formulas. The role of the feature
prefix f :is that of a possibility modality, which would be written (f) in the
Hennessy-Milner logic or in propositional dynamic logic [9]. The intended
interpretation of f : ¢ is that it holds at a node s if and only if & = é(s, f)
is defined and ¢ holds at s’. Any finite set of paths {p1,...,p,} is also a
formula in the language. Its intended interpretation is that the paths in
the set are Nerode equivalent relative to the graph, that is, a single node is
reached by following any of those paths from the current node. Finally, the
constants NIL and TOP are formulas in the logic.

The disjunctive category given above can then be represented in this
logic by the formula

agr : ((number : singular A gender : feminine)V
number : plural)A
case : (nom V acc)

The semantics of the logic is as follows, where d is a feature graph with
labeling function = and initial state sg, ¢ is an atoinic value, f is a feature,
and E is a finite set of paths:

16



dE NIL
d &= TOP
d = ¢ iff s is final and w(sg) = ¢

d | E iff so/p is the same state for every p€ £
dl:¢ifld/{l)E ¢
deé¢vyiffdE ¢and dE 9.

. Conjunction plays thus the role of unification in our previous models.
The constants NIL and TOP represent the trivial graph (truth) and unifi-
cation failure (falsity). Disjunction appears only in the logic, feature graphs
are purely conjunctive as in previous models. The identification of unifi-
cation with conjunction is justified by the fact that the least graph that
satisfies a purely conjunctive formula (one without disjunctions) is exactly
the graph unification of the least graphs satisfying each of the conjuncts in
the formula.

The satisfiability problem for this logic is NP-complete, as is unification
because two categories (formulas) unify if and only if their conjunction has
a model. However, the intractability of the unification problem can be kept
in check in many useful cases by using Kasper’s unification algorithm [17],
which avoids whenever possible distributing conjunctions over disjunctions,
that is, it tries to keep disjunctions as localized as possible in the formula
under consideration.

6 Problematic Extensions

As with disjunction, the requirements of grammatical categorization seem
to demand additional expressive devices in our models of grammatical cat-
egories. Among these, I briefly discuss inheritance, negation and functional
uncertainty. It turns out that Rounds-Kasper suggests interesting and rig-
orous ways of dealing with each of these notions. In each case, I discuss
a possible approach; however, it should be clear that some of the technical
details need still to be worked out to determine the viability of the proposals.

6.1 Inheritance

Although inheritance appears in linguistic contexts, in lexical subcategoriza-
tion for instance, the simplest examples are from knowledge representation.

17



Ait-Kaci gives a thorough account of inheritance for his version of feature
graphs [1,2}, which was motivated by general needs in knowledge represen-
tation and logic programming. However, it is interesting to see whether
inheritance fits in the models discussed here.

The basic concept of inheritance is very easy to explain. For example,
students with the first name John are a subtype of persons with the first
name John. If we were to try to represent these types by feature graphs,
we would need a means of labeling, not only final states, but also other
states, because from the perspective of their specified features (the value
“John” of the name feature), the two types above are identical, but the
types themselves are not identical. Following Ait-Kaci’s approach, any node
in a feature graph can be labeled by a type constant such as person or
student, and these type constants partially ordered appropriately.

In a possible extension of feature graphs and the Rounds-Kasper logic
to support inheritance, atomic values would be replaced by type constants,
which could now label any state. Thus the type “student with name John”
would be represented by the formula student A name : John and the type
“person with name John"” by the formula person A name : John. The fact
that “student” is a subtype of “person” would be represented by the separate
formula student = person. The interpretation of type constants would be
analogous to the interpretation of propositions in dynamic logic, where a
proposition is identified with the set of states in which it holds; that is, a
feature graph would satisfy student = person if and only if the set of states
labeled student were contained in the set of states labeled person.

6.2 Negation

Like disjunction, some form of negation appears naturally in linguistically
motivated accounts of grammatical categories. For example, in a Rounds-
Kasper logic with negation, the lexical entry for the word “eat” as a present
tense verb form might be

agr : ~(person : third A number : singular)A
tensa : present

As another example, the semantic constraint that the subject and object
of a clause cannot be correferential unless the object is a reflexive pronoun
might be represented by the formula

—(obj :refl: - A {{subj ref},{cbj ref}})
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(1) (2)

agr agr
number number person
singular singular third

Figure 8: Extending a Graph

The intended partiality of categories makes the question of how negation
should be interpreted less obvious that it might seem. According to the
classical interpretation of negation, we should have d | -¢ if and only
if d £ ¢. However, this interpretation has the disagreecable consequence
that the satisfaction relation is not preserved by instantiation and thus the
evaluation of negations cannot be freely interleaved with unifications. For
example, graph (1) in Figure 8 satisfies the formula

agr : ~(person : third A number : singular) s

but its instance (2) does not.

This problem led Moshier and Rounds [22] to propose a interpretation
of negation inspired in Kripke’s semantics for intuitionistic logic [20]. In the
simplest form of the proposal, which will be qualified later, a graph satisfies
-¢ if and only if none of its instances satisfies ¢. Because unification only
“moves up” in the subsumption ordering, it is clear from this definition
that the satisfiability of negations does not depend on the order in which
negations and conjunctions are checked. However, this desirable property of
negation comes at a price, namely that complex graphs hardly ever satisfy
negative formulas. For example, graph (1) of Figure 9 fails to satisfy

-{{subj agr),{pred verb agr)}

as shown by its instance (2), but it also fails to satisfy
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(2}

(1)

number
(3)
pred
singular third
number person
' verb
singular third

number person
agr
singular a third
number < person
singular b third

Figure 9: Graph with Incompatible Instances
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-={{subj agr), {pred verb agr)} (1)

as shown by its instance (3).

The problem with this version of intuitionistic negation is that, as shown
by the example, even if two subgraphs have at some point exactly the same
features and values, they may later -by made incompatible by adding to
the two subgraphs some arbitrary new feature with incompatible values.
However, this addition of arbitrary features to nodes seems artificial. In
our informal understanding of the agr feature, it has number and person
subfeatures, but clearly no others. Thus the problem is that the model allows
the addition of arbitrary features to nodes where we want to circumscribe
the possible features of a node to only the meaningful ones.

Moshier and Rounds address the above difficulty by defining satisfaction
relative to a set of feature graphs that are allowed as instances of a graph
when interpreting negation, following the model-theoretic notion of forcing
[7]. For instance, in the example of Figure 9, we might only allow instances
in which the features allowed in the value of agr are number and person
with atomic values, thus satisfying formula (1). However, from a practical
point of view, the forcing construction is not sufficient because it does not
give us a formal language for describing the classes of allowed instances for
a feature graph. One possible attack on this problem would involve defining
a language of types and giving types to features to constrain the classes of
graphs allowed as their values.

It is interesting to note the close connection between the intuitionistic
interpretation of negation in feature graphs and the implementation of in-
equality (dif) in Prolog-II [5]. In Prolog-II, the execution of an inequality
between terms z and y is delayed until the terms are sufficiently instantiated
to either verify the inequality or replace it by a disjunction of inequalities of
subterms of the given terms. This is possible because the theoretical model
states that z and y are different if and only if they have no common instance,
which means that they are different if and only if they either have different
principal function symbols or have the form f(z,,...,z,) and f(y1,...,¥n)
respectively and z; is different from ; for some i.> The identification of
inequality with lack of a common instance is a direct counterpart or the
intuitionistic notion of negation for feature graphs. However, the conversion
of inequalities between terms into finite disjunctions of inequalities between
their subterms is not available for feature graphs because complex feature
graph nodes do not have a definite arity. The definite arity of Prolog terms

1 am assuming acyclic terms here, even though Prolog-1I also supports rational terms.
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makes it thus possible to discharge inequalities much sooner, and the pro-
posal of feature types above is a way of imposing a similar property on
feature graphs.

6.3 Functional Uncertainty

Long-distance dependencies in natural-language, such as the dependency
between the interrogative pronoun “whom” and the direct object of the
verb “meet” in

Whom; did John ask Mary to promise Susan to meet;?

are normally captured in logic grammars by having rules pass around non-
terminal arguments encoding the dependency. As there is some uniformity
in the use of such arguments, it is possible to use syntactic sugar to disguise
their repeated occurrence [24,6], but the approach lacks modularity because
it spreads the treatment of one phenomenon, long-distance dependencies,
throughout the grammar.

Kaplan and Zaenen’s notion of functional uncertainly [16,15] leads to
improved modularity in the expression of long distance dependencies by
allowing the direct expression of dependencies as constraints on categories.

The basic idea of functional uncertainty is to move from features and
paths to arbitrary regular expressions over features, called regular paths.
Thus, the dependency between “whom” and the direct object of “meet” in
the example above might be expressed by the regular-path equation

{wh) = {pred to-compl* obj) ,

which should be interpreted as stating that the value of the left-hand side
is the same as the value at the end of some path in the set of paths defined
by the regular expression in the right-hand side.

Functional uncertainty might be encompassed within the Rounds-Kasper
framework by generalizing feature modalities and paths to regular expres-
sions. With r a regular path expression, R a finite set of regular path
expressions, [r] the path language defined by the regular expression r, d a
feature graph and sq its initial state, the semantics of regular path expres-
sions might be given by the following revised semantic equations

s d=r1:¢iff thereis p € [r] such that d/p | ¢

» d = Riff (3s)(Vr € R)(3p € [r])so/p = s, that is, it is possible to find
a set of Nerode-equivalent paths in which each path is taken from the
language of a different expression in R.
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However, the properties of the extended language are still unclear.

| 7 Further Work

In this survey, I have tried to give the flavor of recent research on the notion
of grammatical category and its connections with corresponding concepts in
the semantics of logic programs. Although I have emphasized the linguis-
tic motivation of this work, similar questions arise in developing models of
partially specified data structures in programming languages and knowledge
representation. I finish with a number of suggestions of work that I think
would further clarify our understanding of partial objects and their role in
logic programming. The suggestions are ordered from the more specific and
concrete to the more general and speculative.

First, inheritance, negation and functional uncertainty, as discussed in
the last section, are by no means fully understood. In particular, it should be
possible to give a precise characterization of the properties of the proposed
extensions of the Rounds-Kasper logic to handle inheritance and functional
inheritance. The work of Moshier and Rounds suggests the need for intro-
ducing a notion of types in the formal language of grammatical categories.
Also, the Rounds-Kasper logic is currently restricted to the description of
 acyclic graphs, and it is not clear how it could be extended to the rational
case, particularly if functional uncertainty is also present [14].

With respect to the denotational model discussed in Section 4, we need
to show its exact relationship to the graph models. There should be some
analogy here to the connection between sets of equations and their solution
sets for rational terms, but partiality may cause difficulties.

The graph models of grammatical categories are too concrete because
they involve the explicit presentation of categories as abstractions of data
structures. In particular, Rounds-Kasper logic does not describe categories
directly but instead goes indirectly through a specific graph model of cat-
egories. This situation is reminiscent of older logic programming models,
in which programs are interpreted on the syntactic domain of the Herbrand
universe or on its infinite term extension, rather than in terms of the specific
information domains of interest to the user, such as the real numbers. This
need for a more abstract way of modeling grammatical categories leads to
the last and most long term suggestion, namely the application of the ideas
of constraint logic programming [12] to the definition of grammatical cate-
gories and their constraints, which is suggested by the fact that constraint
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logic programming is precisely the result of the move to abstract away from
syntactic domains in logic programming.
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