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Abstract

ABSTRACT: A simple extension to Prolog facilitates implemen-
tation of unification-based grammars (UBGs) by adding a new no-
tational device, the feature structure, whose behavior emulates graph
unification. For example, a:b..c:d denotes a feature structure in which
a has the value b, ¢ has the value d, and the values of all other fea-
tures are unspecified. A modified Prolog interpreter translates feature
structures into Prolog terms that unify in the desired way. Thus, the
extension is purely syntactic, analogous to the automatic translation
of “abc” to [97,98,99] in Edinburgh Prolog. The extended language
is known as GULP (Graph Unification Logic Programming); it is as
powerful and concise as PATR-II (Shieber 1986a,b) and other gram-
mar development tools, while retaining all the versatility of Prolog.
GULP can be used with grammar rule notation (DCGs) or any other
parser that the programmer cares to implement. Besides its uses in
natural language processing, GULP provides a way to supply keyword
arguments to any procedure.



1 Introduction

A number of software tools have been developed for implementing unification-
based grammars, among them PATR-II (Shieber 1986a,b), D-PATR (Kart-
tunen 1986a), PrAtt (Johnson and Klein 1986), and AVAG (Sedogbo 1986).
This paper describes a simple extension to the syntax of Prolog that serves
the same purpose while making a much less radical change to the language.
Unlike PATR-II and similar systems, this system treats feature structures as
first-class objects that appear in any context, not just in equations.! Further,
feature structures can be used not only in natural language processing, but
also to pass keyword arguments to any procedure.

The extension is known as GULP (Graph Unification Logic Program-
ming). It allows the programmer to write a:b..c:d to stand for a feature
structure in which feature a has the value b, feature ¢ has the value d,
and all other features are uninstantiated.? The interpreter translates feature
structures written in this notation into ordinary Prolog terms that unify in
the desired way. Thus, this extension is similar in spirit to syntactic devices
already in the language, such as writing “abc” for [97,98,99] or writing
[a,b,c] for .(a,.(b,.(c,nil))).

GULP can be used with grammar rule notation (definite clause grammars,
DCGs) or with any parser that the programmer cares to implement in Prolog.

2  What is unification-based grammar?

2.1  Unification-based theories

Unification-based grammar (UBG) comprises all theories of grammar in which
unification (merging) of feature structures plays a prominent role. As such,
UBG is not a theory of grammar but rather a formalism in which theories
of grammar can be expressed. Such theories include functional unification

!The first version of GULP (Covington 1987) was developed with support from Na-
tional Science Foundation Grant IST-85-02477. I want to thank Franz Guenthner, Rainer
Bauerle, and the other researchers at the Seminar fiir natiirlich-sprachliche Systeme, Uni-
versity of Tubingen, for their hospitality and for helpful discussions. The opinions and
conclusions expressed here are solely those of the author.

2The use of the colon makes the Quintus Prolog and Arity Prolog module systems
unavailable; so far, this has not caused problems.



grammar, lexical-functional grammar (Kaplan and Bresnan 1982), general-
ized phrase structure grammar (Gazdar et al. 1986), head-driven phrase
structure grammar (Pollard and Sag 1987), and others.

UBGs use context-free grammar rules in which the nonterminal symbols
are accompanied by sets of features. The addition of features increases the
power of the grammar so that it is no longer context-free; indeed, in the worst
case, parsing with such a grammar can be NP-complete (Barton, Berwick,
and Ristad 1987:93-96).

However, in practice, these intractable cases are rare. Theorists restrain
their use of features so that the grammars, if not actually context-free,
are close to it, and context-free parsing techniques are successful and effi-
cient. Joshi (1986) has described this class of grammars as “mildly context-
sensitive.”

2.2 Grammatical features

Grammarians have observed since ancient times that each word in a sentence
has a set of attributes, or features, that determine its function and restrict
its usage. Thus:

The dog barks.
category:determiner category:noun category:verb
number:singular number:singular

person:3rd
tense:present

The earliest generative grammars of Chomsky (1957) and others ignored
all of these features except category, generating sentences with context-free
phrase- structure rules such as

sentence --> noun phrase + verb phrase

noun phrase --> determiner + noun

plus transformational rules that rearranged syntactic structure. Syntactic
structure was described by tree diagrams (Figure 1).*> Number and tense

3Figures are printed at the end of this document
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markers were treated as separate elements of the string (e. g., boys = boy +
s). “Subcategorization” distinctions, such as the fact that some verbs take
objects and other verbs do not, were handled by splitting a single category,
such as verb, into two (verb,ansitive A0d VErbiniransitive )-

But complex, cross-cutting combinations of features cannot be handled in
this way, and Chomsky (1965) eventually attached feature bundles to all the
nodes in the tree (Figure 2). His contemporaries accounted for grammatical
agreement (e. g., the agreement of the number features of subject and verb)
by means of transformations that copied features from one node to another.
This remained the standard account of grammatical agreement for many
years.

But feature copying is unnecessarily procedural. It presumes, unjustifi-
ably, that whenever two nodes agree, one of them is the source and the other
is the destination of a copied feature. In practice, the source and destination
are hard to distinguish. Do singular subjects require singular verbs, or do
singular verbs require singular subjects? This is an empirically meaningless
question. Moreover, when agreement processes interact to combine features
from a number of nodes, the need to distinguish source from destination
introduces unnecessary clumsiness.

2.3 Unification-based grammar

Unification-based grammar attacks the same problem non-procedurally, by
stating constraints on feature values. For example, the rule

[2.3a] PP -—> P NP
[case:acc]

says that in a prepositional phrase, the NP must be in the accusative case.
More precisely, rule [2.3a] says the feature structure

[case:acc]

must be unified (merged) with whatever features the NP already has. If the
NP already has case:acc, all is well. If the NP has no value for case, it
acquires case:acc. But if the NP has case with some value other than acc,
the unification fails and the rule cannot apply.

Agreement is handled with variables, as in the rule



NP VP
[2.3b] § — [peTson.'X ] [peTson.'X ]

number:Y number:Y

which requires the NP and VP to agree in person and number. Here X and Y
are variables; person:X merges with the person feature of both the NP and
the VP, thereby ensuring that the same value is present in both places. The
same thing happens with number.

Strictly speaking, the category label (S, NP, VP, etc.) is part of the
feature structure. Thus,

NP
[case:acc]

is short for:

case;ace

[ categOTy:NP]

In practice, however, the category label usually plays a primary role in pars-
ing, and it is convenient to give it a special status.

Grammar rules can alternatively be written in terms of equations that
the feature values must satisfy. In equational notation, rules [2.3a] and [2.3D]
become:

[2.3c] PP --> P NP NP case = acc
[2.3d] S --> NP VP NP person = VP person
NP number = VP number

or even, if the category label is to be treated as a feature,

[2.3e] X -->Y7Z X category = PP
Y category = P
Z category = NP
Z case = acc

[2.3f] X -->Y7Z X category = S

<

category = NP
Z category = VP
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Y person = Z person
Y number = Z number

where X, Y, and Z are variables. Equations are used in PATR-II, PrAtt, and
other implementation tools, but not in the system described here.

The value of a feature can itself be a feature structure. This makes it
possible to group features together to express generalizations. For instance,
one can group syntactic and semantic features together, creating structures
such as:

case:acc
syn:
gender:masc

pred:MAN
sem: | countable:yes
anumate:yes

Then a rule can copy the syntactic or semantic features en masse to another
node, without enumerating them.

2.4 A sample grammar

Features provide a powerful way to pass information from one place to an-
other in a grammatical description. The grammar in Figure 3 is an example.
It uses features not only to ensure the grammaticality of the sentences gener-
ated, but also to build a representation of the meaning of the sentence. Every
constituent has a sem feature representing its meaning. The rules combine
the meanings of the individual words into predicate-argument structures rep-
resenting the meanings of all of the constituents. The meaning of the sentence
is represented by the sem feature of the topmost S node.

Like all the examples given here, this grammar is intended only as a
demonstration of the power of unification-based grammar, not as a viable
linguistic analysis. Thus, for simplicity, the internal structure of the NP is
ignored and the proposal to group syntactic features together is abandoned.

To see how the grammar works, consider how the sentence Mazx sees Bill
would be parsed bottom-up. The process is shown in Figure 4. First rules
[c], [d], and [e] supply the features of the individual words (Figure 4a). Next
the bottom-up parser attempts to build constituents.



By rule [b], sees and Bill constitute a VP (Figure 4b). At this step,
construction of a semantic representation begins. The sem feature of the VP
has as its value another feature structure which contains two features: pred,
the semantics of the verb, and arg2, the semantics of the direct object.

Rule [b] also assigns the feature case:acc to Bill; this has no effect on
the form of the noun but would be important if a pronoun had been used
instead.

Finally, rule [a] allows the resulting NP and VP to be grouped together
into an S (Figure 4c). This rule assigns nominative case to Maz and combines
the semantics of the NP and VP to construct the sem feature of the S node,
thereby accounting for the meaning of the complete sentence.

It would be equally feasible to parse top-down. Parsing would then begin
with an S node, expanded to NP and VP by rule [a]. The NP would then
expand to Maz using rule [d], thereby supplying a value for sem of NP, and
hence also for sem:argl of S. Similarly, expansion of the VP would supply
values for the remaining features of S.

Crucially, it is possible (and necessary) to match variables with each other
before giving them values. In a top-down parse, we know that sem:arg2 of S
will have the same value as sem:arg2 of VP long before we know what this
value is to be.

2.5 Functions, paths, re-entrancy, and graphs

A feature can be viewed as a partial function which, given a feature struc-
ture, may or may not yield a value. For instance, given the structure

case:acc
syn:
gender:masc

sem:MAN

the feature sem yields the value MAN, the feature syn yields another fea-
ture structure, and the feature tense yields no value (it is a case in which
the partial function is undefined).

A path is a series of features that pick out an element of a nested fea-
ture structure. Formally, a path is the composition of the functions just
mentioned. For example, the path syn:case is what you get by applying
the function case to the value of the function syn; applied to the structure



above, syn: case yields the value acc. Path notation provides a way to refer
to a single feature deep in a nested structure without writing nested brackets.
Thus one can write rules such as

P - P NP
[syn:case:acc]

or, in equational form,
P-->PNP NP syn case = acc

Feature structures are re-entrant. This means that features are like pointers;
if two of them have the same value, then they point to the same object, not
to two similar objects. If this object is subsequently modified (e. g., by giv-
ing values to variables), the change will show up in both places. Thus the
structure

a:h
c:h
e:d
is more accurately represented as something like:
a —Db
C _
e —d

There is only one b, and a and ¢ both point to it.

Re-entrant feature structures can be formelized as directed acyclic graphs
(DAGs) as shown in Figure 5. Features are arcs and feature values are the
vertices or subgraphs found at the ends of the arcs. A path is a series of arcs
chained together.

Re-entrancy follows from the way variables behave in a grammar. All
occurrences of the same variable take on the same value at the same time.
(As in Prolog, like-named variables in separate rules are not considered to be
the same variable.) The value may itself contain a variable that will later get
a value from somewhere else. This is why bottom-up and top-down parsing
work equally well.



2.6 Unification

Our sample grammar relies on the merging of partially specified feature struc-
tures. Thus, the subject of the sentence gets case from rule [a] and semantics
from rule [d] or [e]. This merging can be formalized as wnification. The
unifier of two feature structures A and B is the smallest feature structure C
that contains all the information in both A and B.

Feature structure unification is equivalent to graph unification, i. e., merg-
ing of directed acyclic graphs, as defined in graph theory. The unifier of two
graphs is the smallest graph that contains all the nodes and arcs in the graphs
being unified. This is similar but not identical to Prolog term unification;
crucially, elements of the structure are identified only by name, not (as in
Prolog) by position.

Formally, the unification of feature structures A and B (giving C) is de-
fined as follows:

1. Any feature that occurs in A but not B, or in B but not A, also occurs
in C with the same value.

2. Any feature that occurs in both A and B also occurs in C, and its value
in C'is the unifier of its values in A and B.

Feature values, in turn, are unified as follows:

a If both values are atomic symbols, they must be the same atomic sym-
bol, or else the unification fails (the unifier does not exist).

b A variable unifies with any object by becoming that object. All occur-
rences of that variable henceforth represent the object with which the
variable has unified. Two variables can unify with each other, in which
case they become the same variable.

¢ If both values are feature structures, they unify by applying this process
recursively.



unify giving:

[ azh
c:d
| e:f

Likewise, [a:X] and [a:b] unify, instantiating X to the value b; and

[ a:X a:c
b:e ] and [b:Y]
unify by instantiating both X and Y to c.
As in Prolog, unification is not always possible. Specifically, if A and
B have different (non-unifiable) values for some feature, unification fails. A

grammar rule requiring A to unify with B cannot apply if A and B are not
unifiable.

Unification-based grammars rely on failure of unification to rule out un-
grammatical sentences. Consider, for example, why our sample grammar
generates Maz sees me but not Me sees Mazx. In Max sees me, both rule [b]
and rule [f] specify that me has the feature case:acc, giving the structure
shown in Figure 6.

However, in Me sees Mazx, the case of me raises a conflict. Rule [a] specifies
case:nom and rule [f] specifies case:acc. These values are not unifiable;
hence the specified merging of feature structures cannot go through, and the
sentence is not generated by the grammar.

2.7 Declarativeness

Unification-based grammars are declarative, not procedural. That is, they
are statements of well-formedness conditions, not procedures for generating
or parsing sentences. That is why, for example, sentences generated by our
sample grammar can be parsed either bottom-up or top-down.

This declarativeness comes from the fact that unification is an order-
independent operation. The unifier of A, B, and C is the same regardless of
the order in which the three structures are combined. This is true of both
graph unification and Prolog term unification.

The declarative nature of UBGs is subject to two caveats. First, although
unification is order-independent, particular parsing algorithms are not. Re-
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call that grammar rules of the form

A-->AB
cannot be parsed top-down, because they lead to infinite loops (“To parse
an A, parse an A and then...”). Now consider a rule of the form
A -—> A B
[f:X] [£:Y]

If X and Y have different values, then top-down parsing works fine; if either X
or Y does not have a value at the time the rule 1s mvoked, top-down parsing
will lead to a loop. This shows that one cannot simply give an arbitrary UBG
to an arbitrary parser and expect useful results; the order of instantiation
must be kept in mind.

Second, many common Prolog operations are not order-independent, and
this must be recognized in any implementation that allows Prolog goals to
be inserted into grammar rules. Obviously, the cut (!) interferes with order-
independence by blocking alternatives that would otherwise succeed. More
commonplace predicates such as write, is, and == lack order-independence
because they behave differently depending on whether their arguments are
instantiated at the time of execution. Colmerauer’s Prolog II (Giannesini
et al. 1986) avoids some of these difficulties by allowing the programmer to
postpone tests until a variable becomes instantiated, whenever that may be.

2.8 Building structures and moving data

Declarative unification-based rules do more than just pass information up
and down the tree. They can build structure as they go. For example, the
rule

VP v NP
[sem: [Z:;d;(] ] - [sem:X] {sem:Y]

builds on the VP node a pred-arg structure that is absent on the V and
NP.

Unification can pass information around in directions other than along
the lines of the tree diagram. This is done by splitting a feature into two sub-
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features, one for input and the other for output. The inputs and outputs can
then be strung together in any manner.
Consider for example the rule:

S NP VP
mn:X1 — X1 X2
[sem: [out:Xé’] ] [sem: [out:XQ] ] [sem: [out:Xé’] ]
This rule assumes that sem of the S has some initial value (perhaps an empty
list) which is passed into X1 from outside. X1 is then passed to the NP, which
modifies it in some way, giving X2, which is passed to the VP for further mod-
ification. The output of the VP is X3, which becomes the output of the S.
Such a rule is still declarative and can work either forward or backward;

that is, parsing can still take place top-down or bottom-up. Further, any node
in the tree can communicate with any other node via a string of input and
output features, some of which simply pass information along unchanged.
The example in section 4.2 below uses input and output features to undo
unbounded movements of words. Johnson and Klein (1985, 1986) use in
and out features to perform complex manipulations of semantic structure;

see section 4.3 (below) for a GULP reconstruction of part of one of their
programs.

3 The GULP translator

3.1 Feature structures in GULP

The key idea of GULP is that feature structures can be included in Prolog
programs as ordinary data items. For instance, the feature structure

g

is written:

and GULP translates into an internal representation (called a value
list) in which the position is occupied by , the position is occupied by
, and all other positions, if any, are uninstantiated.
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NP VP
D N \%
The dog barks.
S
VP
NP .
num: singular
[ num: singular D pers: 3rd
tense: present
D N \%
[ . D num: singular
num: singular
pers: 3rd
tense: present

The dog barks



[a] S T NP

sem: |pred:X
argl:Y
arg2:Z
[ b] VP T
: red:X1
g2:Y1l
[c] \Y T sees
Jsem:SEES H
[d] NP T - Max
[sem:MAX D
[e] NP T Bill
Dsem:BILL D
[f] NP T ~ me



NP VP NP

U sem:MAX H H Sem:SEESJ H Sem:BILLU

_Max ses Bill
VP
sem: pred: SEES
arg2: BILL
NP v NP
D sem: MAX ] U sem: SEES U sem: BILL

case: acC



S

sem: red:SEES
gl: MAX
g2: BILL

VP
sem: ||pred: SEES
arg2: BILL

NP v NP
sem: MAX Hsem: SEES ] sem: BILL
case: nom

case: acC

Max sees Bill



ab

ed

syn. |case: acc
gender: masc

sem: MAN

case gender MAN

acc masc



sem:; red: SEES

gl: MAX
g2: ME
VP
sem: | pred: SEES
arg2: ME
NP Vv NP
sem: MAX } Hsem: SEES H sem: ME


































