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1 In tro duction

This paper describes a new formalization of Lexical-Functional Grammar
called R-LFG (where the \R" stands for \Resource-based"). The formal
details of R-LFG are presented in Johnson(1997); the present work concen-
trates on motivating R-LFG and explaining to linguists how it di�ers from
the \classical" LFG framework presented in Kaplan and Bresnan (1982).

This work is largely a reaction to the linear logic semantics for LFG de-
veloped by Dalrymple and colleagues(Dalrymple et al., 1995;Dalrymple et
al., 1996a;Dalrymple et al., 1996b;Dalrymple et al., 1996c). As explained
below, it seemsto me that their \glue language" approach bearsa striking
resemblance to semantic interpretation in thoseversionsof categorial gram-
mar which exploit the Curry-Howard correspondence(Girard, Lafont, and
Taylor, 1989; van Benthem, 1995), such as Lambek Categorial Grammar
and its descendants. A primary goal of this work is to develop a version of
LFG in which this connection is made explicit, and in which semantic in-
terpretation falls out as a by-product of the Curry-Howard correspondence
rather than needingto be stipulated via semantic interpretation rules.

Once one has enriched LFG's formal machinery with the linear logic
mechanismsneededfor semantic interpretation, it is natural to ask whether
these make any existing components of LFG redundant. As Dalrymple
and her colleaguesnote, LFG's f-structure completenessand coherencecon-
straints fall out asa by-product of the linear logic machinery they proposefor
semantic interpretation, thus making those f-structure mechanisms redun-
dant. Given that linear logic machinery or somethinglike it is independently
neededfor semantic interpretation, it seemsreasonableto explore the extent
to which it is capableof handling feature structure constraints as well.
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R-LFG represents the extreme position that all linguistically required
feature structure dependenciescan be captured by the resource-accounting
machinery of a linear or similiar logic independently neededfor semantic
interpretation. The goal is to show that LFG linguistic analysescan be
expressedas clearly and perspicuouslyusing the smaller set of mechanisms
of R-LFG as they can using the much larger set of mechanisms in LFG: if
this is the casethen we will have shown that positing theseextra f-structure
mechanisms are not linguistically warranted. One way to show this would
be to present a translation procedurewhich reducesLFGs to equivalent R-
LFGs, but currently no such procedureis known. Thus we proceedon a case
by casebasis,demonstrating that particular LFG analysescan be expressed
at least as well in R-LFG.

R-LFG is also of interest becauseit proposesa radically di�eren t basis
for feature structure interaction. In \uni�cation-based" theories of gram-
mar feature structures are typically viewed as static objects, which are the
solutions to systemsof feature structure constraints (called f-descriptions in
LFG) (Kaplan and Bresnan, 1982;Rounds, 1997;Shieber, 1986). However,
linguists often talk informally of \feature assignment" and \feature check-
ing"; notions which cannot be expressedin a pure uni�cation grammar.
As discussedbelow, LFG does contain formal deviceswhich can expresses
thesenotions indirectly, viz., the non-monotonic devicessuch as existential
constraints and constraint equations. On the other hand, the resourceori-
ented nature of R-LFG provides a direct and natural formalization of the
intuitions behind feature assignment and feature checking.

The rest of this paper is structured as follows. The next section in-
troducestype-driven semantic interpretation from f-structures, and the one
after that sketches the architecture of R-LFG and comparesit to that of
standard LFG. The following section introducesthe reader to the idea that
featuresare resourcesby demonstrating that onemethod of describingagree-
ment relationships in standard LFG already possessesa resource-oriented
character. The section following that describeshow very simple agreement
relationships can be described in R-LFG, and the �nal substantiv e section
shows how Andrews (1982) analysis of Icelandic Quirky Casemarking can
be re-expressedin R-LFG.
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2 T yp e-driv en semantic in terpretation from f-structures

This sectiondevelopstype-driven semantic interpretation from graph struc-
tured resourcesused in R-LFG, motivating it by considering type-driven
semantic interpretation from linearly ordered or sequential structures of re-
sourcesin categorial grammar.

As has been often observed, the types of semantic objects constrain
how they can combine, and hencethe interpretations that can be possibly
constructed from a bag of semantic objects. For example,supposethe words
Sandyand snoresare given the semantic interpretations in (1) and (2) with
the typesas shown.

Sandy0 : e (1)

�x: snores0(x) : e � � t (2)

(The symbol �̀ � ' is the implication symbol of Linear Logic, sothe typee � � t
would be written e ! t in a Montagovian notation for types). Now, there
is only one way of combining these semantic objects to form a saturated
proposition of type t, namely by applying the semantic interpretation of the
verb snores to the interpretation of Sandy as its argument, so this is the
only possible interpretation of the intransitiv e clause Sandy snores. This
combination can be depicted as a proof (shown in natural deduction format
here), where the two input semantic forms constitute the assumptions,and
the single saturated proposition produced by the combination constitutes
the conclusion.1

�x: snores0(x) : e � � t Sandy0 : e
snores0(Sandy0) : t

It is worth re
ecting on what is going on here. The types alone determine
whether a particular way of combining lexical meaningsis possibleor not.
The � -terms are purely decorative: they are determined (up to reduction
and renaming of variables) by the meanings of the lexical inputs and the
structure of the combination.

The ideathat a logic canbeusedto describethe possiblemodesof combi-
nation of a collection of objects underliesthe Curry-Howard correspondence,
and is at the root of much recent work in Categorial Grammar (van Ben-
them, 1995). The formulae of such a logic are the typesof the objects being
manipulated, and a proof in this logic corresponds to a particular way of

1The resulting semantic form has been simpli�ed via � -reduction.
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combining the objects. The � -terms are purely decorative: they are images
of the structure of this proof, and play no role in determining whether a
combination is possibleor not.

Unfortunately, in morecomplexsentencessemantic typeconstraints alone
are not su�cien tly restrictiv e to provide just the available interpretations.
For example,if the semantic intepretations of the three words in the sentence
Sandy likes Kim are as given in (1), (3) and (4)

�y �x: likes0(x; y) : e � � e � � t (3)

Kim 0 : e (4)

(where l̀ imp 0 associates to the right) then besidespermitting a combination
corresponding to the available interpretation

Sandy0 : e
�y �x: likes0(x; y) : e � � e � � t Kim 0 : e

�x: likes0(x; Kim 0) : e � � t
likes0(Sandy0; Kim 0) : t (5)

the semantic type constraints alone also permit an interpretation in which
subject and object are exchanged.

Sandy0 : e �y �x: likes0(x; y) : e � � e � � t
�x: likes0(x; Sandy0) : e � � t Kim 0 : e

likes0(Kim 0; Sandy0) : t (6)

It is obvious why the unintended interpretation was obtained. The se-
mantic types do not re
ect any information about the syntactic structure
of the sentence: merely requiring semantic type compatibilit y amounts to
treating a sentence as a bag of words, ignoring all other structural relation-
shipsbetweenthe words. Clearly this is incorrect for a languagelike English
(as this exampleshows).

Categorial grammar deals with this problem by re�ning the structural
sensitivity of the system: the elements manipulated are taken to bea linearly
ordered sequenceof categories,rather than just a bag). Correspondingly,
the types must be re�ned to make them sensitive to this additional struc-
tural information. The single implication �̀ � ' usedabove is specializedinto
a rightward-looking implication `=' and a leftward-looking implication `n'
respectively.

The types associated with intransitiv e and transitiv e verbs are re�ned
from (2) and (3) to (7) and (8), which specify the directions in which their

4



arguments are to be found.

�x: snores0(x) : e n t (7)

�y �x: likes0(x; y) : (e n t) = e ) (8)

This directional sensitivity rulesout the unattested combination (6), only
permitting a combination that corresponds to the available interpretation.

Sandy0 : e
�y �x: likes0(x; y) : (e n t) = e Kim 0 : e

�x: likes0(x; Kim 0) : e n t
likes0(Sandy0; Kim 0) : t

Categorial grammarians have developed many insightful linguistic anal-
yseswithin this framework. The treatment of the syntax-semantics interface
within a framework, such as Lambek Categorial Grammar and its descen-
dants, is especially appealing: oncethe lexical typesand modesof syntactic
combination are speci�ed, semantic interpretation comes\for free" via the
Curry-Howard correspondencebetween proofs of type well-formednessand
� -terms.

However, the focus on linear order in categorial grammar goes against
one of the central intuitions of Lexical-Function Grammar: that the level
of word order and surfacesyntactic structure is not an appropriate one at
which to state many cross-linguistic generalizations. Rather, many inter-
esting cross-linguistic generalizationsare more appropriately stated at the
level of function-argument or f-structure.

For example,as Bresnan (1982) argues,the relationship betweena verb
and its direct object NP argument may bemanifest in many di�eren t surface
syntactic relationships:

� it may be indicated by an agreement marker on the verb, or by

� a casemarker on the NP direct object, or by

� a syntactic con�guration, where the object immediately precedesor
follows the verb as is appropriate, or by

� somecombination of the above.

At the level of function argument structure the cross-linguisticuniformit y of
grammatical relation changing operations such as Passive becomesappar-
ent. Crucially for the analysis presented here, as far as is known function-
argument relationships are interpreted uniformly cross-linguistically, despite
their variation in surfacesyntactic realization.
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Thus from the LFG perspective, the appropriate responseto the unat-
tested combination (6) is to make the typessensitive to function-argument
structure rather than word order directly. That is, the input to the combi-
natory processof semantic interpretation should be f-structures, rather than
strings of lexical items.

To someextent this is achieved in the work of Dalrymple and her col-
leagues.In their approach, semantic interpretation starts with an f-structure
decorated with formulae from what they call a \glue language." Semantic
interpretation is obtained via a combinatory processsensitive to function-
argument structure. Moreover, Dalrymple and colleagueshave achieved an
impressive empirical coverageusing their glue languageapproach.

However, the glue languageapproach seemsto su�er from a number of
conceptual drawbacks:

� The formulae manipulated during the course of a derivation are an
amalgam of linear logic terms, standard �rst-order terms and the
\glue" relation ;̀ '. No interpretation (model-theoretic or otherwise)
for such amalgamshasbeeno�ered, sothe manipulations performedin
the courseof interpretation can be described as uninterpreted symbol
pushing.

� The semantic combinatory operations in the glue languageapproach
are formulated in terms of (�rst-order?) term uni�cation, rather than
the function application and abstraction operationsfamiliar from model-
theoretic semantics. It is known from the computational linguistics
literature that �rst-order term uni�cation can be used to simulate
� -reduction of � -terms in function application (Pereira and Shieber,
1987), but it is also known that this simulation only approximately
capturesthe propertiesof function application. It would be interesting
to seeif a systemwhere resourceshave a function-argument structure
organization can be made to operate with the more standard func-
tion application and abstraction mechanisms,or if term uni�cation is
essential here.

� Semantic forms are explicitly constructed in the glue language ap-
proach, rather than merely re
ecting the structure of the proof, as
they do in a Lambek Categorial Grammar. In principle, the glue
languageformalism allows semantic interpretation rules to be written
in which a rule fails to apply not becauseof a type incompatabilit y,
but becauseof uni�cation failure of semantic terms (i.e., terms on the
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right of the ;̀ ' relation). Thus theseterms neednot be restricted to
the purely decorative role that semantic forms play in Lambek Cate-
gorial Grammar, but may determine the well-formednessof a proof.
Again, it would be interesting to know if this is an essential property
of semantic interpretation of f-structures, or if a system exploiting a
Curry-Howard correspondencecan be developed.

Thus the systemdeveloped here,R-LFG, is explicitly modelled on categorial
grammars where semantic interpretation is obtained by a Curry-Howard
correspondence. It di�ers from them in that the inputs to the derivational
processhave the graph structure of an f-structure, rather than the linear
structure of a string. Borrowing the idea that features in feature structures
can be described by modal operators in a multi-mo dal language (Kasper
and Rounds, 1990;Rounds, 1997), grammatical relations can be formalized
as propositional modal operators.

Returning to the earlier example, the NP Sandyand the transitiv e verb
likes would be associated with the lexical entries (9) and (10).

Sandy0 : e (9)

�y �x: likes0(x; y) : OBJ e � � SUBJ e � � t (10)

(The modal operators `SUBJ', `OBJ', etc., are semantically vacuous, i.e.,
always semantically interpreted by identit y functions, and bind more tightly
than the implication symbol �̀ � '). This entry indicates that the verb likes
�rst applies to an object of type e (embeddedwithin the OBJ grammatical
relation), yielding a function which in turn applies to a subject of type e to
yield a saturated proposition of type t.

Assuming that in a transitiv e clause such as Sandy likes Kim the NP
Sandycan be identi�ed assubject and Kim asobject (in English, this occurs
by virtue of their c-structure locations), the following derivation yields the
one available interpretation for this sentence.

Sandy0 : SUBJ e
�y �x: likes0(x; y) : OBJ e � � SUBJ e � � t Kim 0 : OBJ e

�x: likes0(x; Kim 0) : SUBJ e � � t
likes0(Sandy0; Kim 0) : t

Following standard treatments of feature structures, re-entrancies are
described by path equations f 1 : : : f m = g1 : : : gn , which permit a resource
structure f 1 : : : f m � to be transformed to g1 : : : gn � . For example, Subject
Raising in LFG is described in terms of a re-entrancy between the matrix
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subject position and the complement's subject position, licensedby a path
equation associated with the Subject Raising verb. The lexical items in the
sentenceSandyseemshappywould be associated with the lexical entries (9),
(11) and (12).

�P :seems0(P) : XCOMP t � � t; SUBJ = XCOMP SUBJ (11)

�x: happy0(x) : SUBJ e � � t (12)

Again, assumingthat Sandyand happyare identi�ed as �lling the SUBJ and
XCOMP grammatical functions respectively, the following deduction shows
how the available interpretation for Sandy seems happycan be obtained.

�P :seems0(P) :
XCOMP t � � t

�x: happy0(x) :
XCOMP (SUBJ e � � t)

�x: happy0(x) :
XCOMP SUBJ e � � XCOMP t

�
Sandy0 :
SUBJ e SUBJ e = XCOMP SUBJ e

Sandy0 : XCOMP SUBJ e

happy0(Sandy0) : XCOMP t

seems0(happy0(Sandy0)) : t

The inferencelabelled �̀ ' requires the grammatical relation XCOMP to
distribute over the implication operator �̀ � '.

3 R-LF G: a simpli�cation of LF G

The architectural simpli�cation of R-LFG is best appreciated when com-
pared with that of standard LFG together with the linear logic semantics
augmentation of Dalrymple et. al. This section starts by sketching the ar-
chitecture of standard LFG, and then presents the revised architecture of
R-LFG.

3.1 The architecture of standard LF G

Figure 1 shows the architecture of this \standard" LFG. The components of
LFG aspresented by Kaplan and Bresnan(1982)areshown inside the dotted
box in this �gure, and the linear logic machinery for semantic interpretation
positedby Dalrymple et. al. is depictedoutsidethis box: seethesereferences
for further details.

In LFG, a syntactic description of an utterance is taken to be a pair
constiting of a c-structure and an f-structure. 2 The yield of the c-structure

2There are proposals for additional structures, which for simplicit y are ignored here.
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de�nes

minimal f-structures

semantic interpretation

glue languageformula

semantic mapping

linear logic proof

f-description

phonological form

yields

c-structure

LexiconSyntactic Rules

generates

constraint �lter

minimal f-structures

Figure 1: The architecture of standard LFG. The linear logic semantics
component is shown outside the dotted box.
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tree determinesthe phonological form of the sentence it describes.
The c-structure/f-structure pairs generatedby an LFG are determined

by the following procedure. The syntactic rulesand lexical entries of an LFG
together generatea set of c-structure trees, each of which is paired with a
formula called an f-description which identi�es which (if any) f-structures
this c-structure can be paired with. The f-descriptions are boolean com-
binations of equations. These equations come in two kinds: de�ning and
constraining equations.

The simplest account of the relationship betweenf-descriptions and the
f-structures they describe seemsto be procedural, following Kaplan and
Bresnan(1982). First, the f-description is expandedinto Disjunctiv eNormal
Form (DNF) and the f-structure solution to each conjunct is determined as
follows. The constraining equations are temporarily ignored (i.e., replaced
with true) and if the resulting formula is satis�able and hasa unique minimal
satisfying f-structure, that f-structure is a candidatesolution to the conjunct.
This candidate solution is a (true) solution to the conjunct just in caseit
also satis�es the formula obtained by replacing each constraining equation
in the conjunct with corresponding de�ning equations. The set of solutions
to an f-description is the union of the set of solutions to each conjunct of its
DNF, so the f-description determinesa �nite number of f-structures.3

3 To appreciate some of the di�culties in giving a declarative treatment of LFG's
constraint equations, consider a treatment of Case marking in which subject NPs are
optionally assigneda nominativ e Case feature NOM , such as the Andrews (1982) analysis
of Icelandic quirky casemarking discussedin section 5.2, using the following LFG syntactic
rule.

S !
NP

(" SUBJ ) = #
(( " SUBJ CASE ) = NOM )

VP
" = #

The parentheses surrounding the lower equation annotating the NPindicates that this
de�ning equation is optional, re
ecting the fact that the subject NPis only optionally
assignednominativ e case(as it may beassigneda `quirky' non-nominativ ecaseby the verb,
as explained below). This annotation presumably abbreviates the following disjunction:

(" SUBJ CASE ) = NOM _ true

Clearly replacing this disjunction with true does not change the set of minimal models
for any f-description which contains it, so the equation itself has no e�ect on the minimal
models, and hence cannot result in the satisfaction of any constraint equations. Clearly
this is not the intended interpretation: the \purp ose" of this equation is to provide a Case
feature to satisfy the requirements of the subject NP.

Kaplan and Bresnan (1982) do not discuss disjunction, but it appears they intend
disjunctions to be interpreted asan abbreviatory convention, i.e., that their processapplies
only to individual conjunctions after expansionto a Disjunctiv e Normal Form (DNF). Thus
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Syntactic Rules

c-structure

phonological form f-term

type well-formednessproof

proof

generates

Lexicon

labelling

= semantic interpretation

Figure 2: The architecture of R-LFG.

Dalrymple et. al. use these f-structures as the input to their semantic
interpretation procedure. Certain elements in an f-structure are associated
with formula in a glue language, which is an amalgam of linear logic and
classical�rst-order logic, in e�ect mapping each f-structure into a formula of
the glue languageFor semantic interpretation to succeedthis glue language
formula must derive a term with the type of a saturated proposition: the
argument of this term is the semantic interpretation of the sentence.

3.2 The architecture of R-LF G

The architecture of R-LFG is depicted in Figure 2. The most striking dif-
ferencebetweenLFG and R-LFG is that R-LFG doesnot contain an inde-
pendent level of f-structure representation, sincethe samemechanismsused
for semantic interpretation are also used to account for syntactic feature
dependencies.Given that it is a simpler architecture, it should be preferred
on grounds of parsimony.

The lexical entries and syntactic rules of R-LFG generatec-structure/f-
term pairs in the sameway that they generatec-structure/f-description pairs
in LFG. In LFG several steps are required to obtain the f-structures that
serve as the input to semantic interpretation from the f-descriptions. How-

their treatment, while not falling foul of the problem just noted, involvesa rather curious
mixture of proof-theoretic devices(e.g., DNF expansion) and model-theoretic devices(e.g.,
focussing on minimal models).
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ever, in R-LFG the f-term servesas the input to semantic interpretation di-
rectly. Thus in R-LFG the linguistic e�ects of f-structure constraints must
be obtained by other means, viz., the same logical mechanisms used for
semantic interpretation.

As explainedbelow, theselogical mechanismsenforcea resource account-
ing which ensuresthat every predicatecombineswith an appropriate number
of arguments and that every non-root semantic unit appears as the argu-
ment of somepredicate. The semantic interpretation itself is determined by
the pattern of predicate-argument combination via a Curry-Howard corre-
spondence,as explained in more detail in Johnson(1997).

This sameresourceaccounting mechanism is alsousedto describefeature
dependencies. Purely syntactic features with no semantic content di�er
from semantically interpreted elements only in that they are semantically
vacuous, i.e., given trivial interpretations which are systematically ignored
by any functors which take them as arguments.

The resourcelogic usedhere di�ers considerablyfrom the glue language
used by Dalrymple et. al. That language includes �rst-order terms with
equality, which can be used to encode feature structure uni�cation in the
manner of e.g., De�nite Clause Grammars (see Shieber (1986) for a de-
scription of the relationship betweenthe �rst-order terms of De�nite Clause
Grammars and attribute-v alue \uni�cation" grammars) and hencedirectly
simulate f-structure attribute-v alue constraints. While this would provide a
straightforward way to encode f-structure constraints in the glue language,
it is not clear that such an approach would constitute a real simpli�cation
of LFG, rather than just a reshu�ing of its complexity.

For this reason,R-LFG usesa much simpler resourcelogic than the glue
languageof Dalrymple et. al. Inspired by recent work in Categorial Gram-
mar such as Morrill (1994), the resourcelogic is propositional modal logic
that encodes the typesof the semantic objects being manipulated, and the
semantic interpretation itself is provided by a Curry-Howard correspondence
betweenproofsand � -terms (Girard, Lafont, and Taylor, 1989). As van Ben-
them (1995) demonstrates,a wide variety of substructural logics possessa
Curry-Howard correspondence,so the requiremnt that semantic interpreta-
tion is obtained in this way doesnot identify a particular logic. Rather, the
preciselogic usedshould be chosento best �t the linguistic phenomenade-
scribed by the theory. Moortgat (1997) developsthe theory of propositional
multimo dal logics used here. The reader is referred to Johnson (1997) for
the full details of R-LFG.
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4 Describing agreement relationships with LF G

This section arguesthat Lexical-Functional grammarians typically use the
formal devicesof LFG to manipulate featuresas resourcesthat are assigned
and checked. It introducestwo methods often usedfor describingagreement
relationships in LFGs. It turns out that one method, which crucially relies
on \constraining equations", canbeviewed asdescribingagreement in terms
of resourcedependencies. Thus resourcebasedaccounts of agreement are
not a new innovation of R-LFG, but are already a familiar part of LFG. The
principal claim behind R-LFG is that all linguistic dependenciescan be ex-
pressedin this manner, and that the explicit resource-orientation of R-LFG
simpli�es and clari�es the nature of the linguistic dependenciesconcerned.

As sketched above and explained in more detail in Kaplan and Bresnan
(1982), LFG's f-descriptions contain two di�eren t kinds of equations. A
de�ning equation instantiates the value of an attribute, while a constraining
equation checks that a value is instantiated by a de�ning equation elsewhere
in the f-description. The linguistic dependenciesinvolved in simple agree-
ment can be described using de�ning equationsalone,or by using a mixture
of de�ning and constraining equations. This latter method has a natural
resourceinterpretation.

To keepthings clear, the two methods for describingagreement relation-
ships are explained using the sameexamples(13).

(13) a. Sandy snores.

b. Professorssnore.

Both methods of describing agreement relationships require that the agree-
ing items (in (13a), Sandyand snores) are capableof constraining the value
of the samef-structure element; this is usually achieved by de�ning equations
associated with syntactic rules. The agreeingitems both imposeconstraints
the value of that f-structure element, thus ensuring that only compatible
items can appear simultaneously in a syntactic structure.

4.1 Agreemen t using de�ning equations alone

In this method, both agreeingitems constrain the sharedf-structure element
using de�ning equations. For example, the grammar fragment in (14{18)
generatesexactly the two sentencesin (13). The c-structure and f-structure
generatedby this fragment for (13a) is depicted in Figure 3.
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S

NP

Sandy

VP

V

snores

2

6
6
4

SUBJ

"
NUM SG
PRED `Sandy'

#

PRED `snoreh(" SUBJ)i '

3

7
7
5

Figure 3: The c-structure and f-structure for Sandysnoresgeneratedby the
fragment (14{18).

Sandy NP (" PRED) = `Sandy'
(" NUM ) = SG

(14)

Professors NP (" PRED) = `professor'
(" NUM ) = PL

(15)

snores VP " PRED) = `snoreh(" SUBJ)i '
(" SUBJ NUM ) = SG

(16)

snore VP " PRED) = `snoreh(" SUBJ)i '
(" SUBJ NUM ) = PL

(17)

S � ! NP
(" SUBJ) = #

VP
" = #

(18)

The lexical entries for subject NPs require that the value of their NUM
attribute is SG or PL as appropriate. In addition, the underlined equation
in each verb's lexical entry also requires that this value is appropriate for
the verb's in
ection. If the subject and the verb require di�eren t values
for this f-structure element (as in the ungrammatical *Pr ofessorssnores),
the corresponding f-description will require this element to be equal to two
di�eren t values(e.g., SG and PL). However, the well-formednessconditions
on f-structures do not permit this (Kaplan and Bresnan, 1982; Johnson,
1995) so the f-descriptions associated with such sentencesare inconsistent,
and the sentencesthemselvesare correctly predicted to be ungrammatical.

Thus this method functions by arranging for ungrammatical sentencesto
be associated with an inconsistent f-description. This observation is in fact
quite general: if all grammatical relationships are described using de�ning
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equations (i.e., if we restrict attention to the monotonic constraints) then
the only way such an equation can have a grammatical \e�ect" is by being
inconsistent with other equations, i.e., by \causing" ungrammaticality.

More precisely, suppose we identify a subset of the elements of a f-
structure as follows. The semantically interpreted elementsare those which
serve as the input to the semantic interpretation procedure (in the frame-
work of Dalrymple et. al. theseelements are associated with glue language
formulae at somestage during the interpretation process). The idea is the
semantically uninterpreted elements canbedeletedfrom an f-structure with-
out changing its semantic interpretation. In a typical LFG, the valuesof at-
tributes such as PRED, SUBJ, OBJ, etc., are semantically interpreted, while
the values of CASE and GENDER (in a grammatical gender language) are
not semantically interpreted.

Now considera \pure uni�cation" grammar without non-monotonic de-
vicessuch as\constraining equations", e.g., in which all equationsare de�n-
ing equations, such as the PATR grammars of Shieber (1986). These are
grammars in which all linguistic relationships are expressedwith de�ning
equations. It is possible to show that in such a grammar, if an equation
which equatesonly non-semantic valuesis not inconsistent with other equa-
tions on someinput, then deleting it from the grammar doesnot a�ect the
languagegeneratedor the interpretations assigned.(A similiar observation
holds in monotonic grammars such as HSPG).

This means that if all grammatical relationships are described using
de�ning equations, a nonsemantic feature de�ning equation only has an
e�ect on the languagegeneratedif somewhereelsein the grammar there are
de�ning equations that are inconsistent with this one. For example, there
is no point in adding a de�ning equation that introducesan attribute that
doesnot appear elsewherein the grammar, such as

(" HISTORICAL-ORIGIN ) = ROMANCE (19)

unless other de�ning equations that can possibly be inconsistent with it
are also introduced. But in order to be inconsistent with (19) these other
equations must require the attribute's value to be di�er ent to the value
speci�ed in the former equation, e.g.,

(" HISTORICAL-ORIGIN ) = GERMANIC :

Thus with de�ning equationsalone,di�eren t grammatical properties are
basedon feature oppositions or constrasts. The formal machinery of these
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monotonic \pure uni�cation" grammars does not completely support non-
constrastive or \priv ative" feature values.

Indeed, f-structures seemto have been speci�cally designedto enable
systemsof de�ning equationsto be inconsistent. For example,if we removed
either the \functionalit y" axiom (which requires attributes to be single-
valued) or the \constant-constant" clashaxiom (which speci�es that distinct
constants denotedistinct f-structure elements) from the formal de�nition of
f-structures, then f-descriptions such as

(f CASE) = ACC; (f CASE) = DAT

would not be inconsistent. R-LFG doesnot possesseither the functionalit y
axiom or the constant-constant clash axiom, and hence it does permit a
single constituent to bear two such distinct features, so long as both are
checked or consumedas described below.

4.2 Agreemen t using de�ning and constraining equations

Writers of LFGs often employ constraining equations in order to describe
asymmetric linguistic relationships. The subject-verb agreement examples
(13) would be described using this method by replacing the lexical entries
(16{17) with the following.

snores VP " PRED) = `snoreh(" SUBJ)i '
(" SUBJ NUM ) = c SG

(20)

snore VP " PRED) = `snoreh(" SUBJ)i '
(" SUBJ NUM ) = c PL

(21)

These entries di�er from the previous onesin that the underlined de�ning
equationshave beenreplacedwith constraining equations.

While thesetwo fragments both generatethe samelanguagein this case,
in generalthe two methods for describingagreement behavequite di�eren tly.
For example, if an NP's f-description contains the constraint equation

(" CASE) = c ACC (22)

then this NP must be independently \assigned" a value for the Casefeature
in order for the f-structure to be well-formed.

This method behaves quite di�eren tly to the method that only uses
de�ning equations. It does not rely on feature oppositions in the same
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Figure 4: A alternative minimal f-structure solution to the f-description for
(13a) obtained by relaxing the functionalit y requirements on f-structures.
Note that this f-structure never the less does not satisfy the constraining
equationsexpressingsubject-verb agreement.

way that the de�ning equation method does. For example, the constraint
equation (22) requiring that the NP receive an ACC casevalue doesnot rely
on the existenceof other CasevaluesbesidesACC; it functions just aswell if
ACC is the only Casevalue used in the grammar. That is, while a de�ning
equation ensuresthat an attribute has one value rather than another, a
constraining equation ensuresin addition that the feature has in fact been
given a value independently. Thus this method more fully supports privative
features than the de�ning equation method does.

Further, the constraining equation method doesnot rely on the function-
ality axiom or the constant-constant clash axioms in the sameway that the
de�ning equation method does. For example, even if the functionalit y re-
quirement on f-structures were relaxed so that the de�ning equations in the
f-description for (13a) could have the secondminimal f-structure solution
depicted in Figure 4 besidesthe one depicted in Figure 3, that f-structure
would fail to satisfy the constraining equation expressingsubject-verb agree-
ment, and so would be ill-formed for independent reasons.

In fact, feature structures in R-LFG behavevery much in this way. While
attributes are permitted to be single-valued, no feature structure axiom
forcesthem to be so. But sincegrammatical relationships are described in a
way very similiar to the constraining equation method, in generalthe gram-
matical requirements of predicates will require that attributes are single-
valued.
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4.3 Resource managemen t in LF G

The constraining equation method of describingagreement relationships can
be described in terms of resources, where the resourceis the feature value of
the shared f-structure entit y. Each such feature value is is produced by one
or more de�ning equations, and is consumed by zero or more constraining
equations. This pattern of resourcemanagement is formalized by Intuition-
istic Logic.

Interestingly, the special properties LFG endows the valuesof PRED at-
tributes with provides them with special resourcemanagement properties
also. The values of PRED attributes must be produced by exactly one ar-
gument, and must be consumed by one or more predicates. The logic LPC
developed by van Benthem (1995) formalizes this resourcemanagement.

Thus LFG already incorporates a number of mechanisms which can be
seenas performing resourcemanagement. R-LFG attempts to describe all
syntactic relationships in terms of such resourcemanagement. Identifying
the appropriate resourcemanagement mode for a particular grammatical
relationship is a key step in developing its R-LFG description.

5 Resource accounting in R-LF G

Johnson (1997) formally de�nes R-LFG's f-terms and presents a Gentzen
sequent calculus that describes the resourcemanagement relationships be-
tween features. It also presents labelled deduction systemsfor describing
the mappings from c-structures to f-terms, and semantic intepretation from
f-terms. That paper should be consulted for the technical details of R-LFG;
this section presents that material in an informal (and hopefully more ac-
cessible)manner.

An f-formula is an expressionthat indicates the type of a constituent,
or more generally, a single resource. The semantic type of a constituent
can be determined from its f-formula, but just as in the categorial grammar
exampleabove, f-formulae also specify additional syntactic constraints.

Following Morrill (1994), we distinguish semantically contentful types
from semantically impotent types. The basic semantically contentful types
e, t, etc., are f-formulae (these are the types of individuals and truth val-
ues respectively), as are the basic semantically impotent typesNOM , ACC,
etc., (which are interpreted by constants, and whosevalue is systematically
ignored by any function that takes them as an argument). The full set of
f-formulae are obtained by closing theseunder the following operations.
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If � is an f-formula then f � is also an f-formula, where f is an attribute;
it denotesthe result of embedding � under the attribute f .

If � 1, � 2 are f-formulae then � 1 � � � 2 is also an f-formula; it is a linear
implication which consumes� 1 to produce � 2.

The f-formulae are related to the more usual types of model-theoretic
semantics is de�ned by the mapping (�) \ and a new type constant ; for the
semantically impotent f-formulae.

(� )\ = � if � is a semantically contentful basic type,

(� )\ = ; if � is a semantically impotent basic type,

(f � )\ = (� )\ where f is an attribute, and

(� 1 � � � 2)\ = (� 2)\ if (� 1)\ = ; , and (� 1)\ ! (� 2)\ otherwise.

For example, the natural type of an f-formula for an NP requiring a nomi-
native casemarking is (NOM � � e) \ = e: In general, it is required that the
type of � -term labelling an f-formulae � (i.e., giving the constituent's seman-
tic interpretation) be of type (� ) \ . (Semantically impotent f-formulae are
not labelled with � -terms, as they have no natural semantic interpretation).

F-formulae are the building blocks of f-terms. Informally, a f-term is a
graph-structured con�guration of one or more constituents, or more gen-
erally, resources. F-formulae are f-terms, and if �; � 1; : : : ; � n are f-terms
then:

� 1; : : : ; � n is the multiset of resourcestructures f � 1; : : : ; � ng (order is unim-
portant in a multiset, but the number of times an element appears is
important),

f � is the result of embedding the structure � under the attribute f ,4

f 1 : : : f m = g1 : : : gn is a path equation which restructuresan f-term by mov-
ing a resourcestructure embedded under the sequenceof attributes
f 1 : : : f m sothat it is located under the sequenceof attributes g1 : : : gn ,
and

(� ) is an optional occurenceof the structure � .

4Johnson (1997) follows Moortgat (1997) in intro ducing a separatepunctuation symbol
to distinguish modal structures in f-terms from modal operators in f-formulae, but here
we rely on context to distinguish these two usages.
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An f-term describesa graph structure of constituents, or more generally,
resources.The f-term associated with a sentence is required to simplify to a
single resourceof type t in order for the sentence to be grammatical. (This
single requirement subsumesboth the requirement that the f-description be
satis�able and the requirement that the Linear Logic glue formula simplify
to an expressionof type t in standard LFG). An f-term simpli�es by ap-
plying linear implications, restructuring using path equations, distributing
attributes over multisets, and either deleting optional elements or replacing
them with their non-optional counterpart.

Attributes are permitted, but not required, to distribute and factor over
multisets. That is, the following biimplication holds, wheref is an attribute
and � 1 and � 2 are f-terms:

f (� 1; � 2) , (f � 1); (f � 2):

Unlike LFG, R-LFG doesnot require that attributes are single-valued, nor
doesit enforcea constant-constant clash. Every f-term is \satis�able" in that
it represents somecon�guration of resources;grammaticality is determined
by whether those resourcescan combine to producea singleelement of type
t (the type of a saturated proposition).

5.1 Nominativ e Case marking in English

A simple R-LFG fragment which describes structural nominative caseas-
signment to subject NPs is presented below. The lexical entry for the nomi-
native Casemarked subject NP Sandyin (23) requiresit to consumea NOM
caseresourcein order to produce a resourceof type e, and the lexical en-
try for the verb snores in (24) requires it to consumea resourceof type e
embeddedwithin a SUBJ attribute in order to producea resourceof type t.
The syntactic rule (25) speci�es how the f-terms associated with the NP and
VP (referred to by the meta-variable `# ' just as in LFG) are to be combined
to produce the f-term for the S. In this case,a multiset consisting of the
NP's f-term and a NOM caseresourceis embeddedwithin a SUBJ attribute,
which together with the f-term associated with the VP yields the multiset
f-term associated with the S.

Sandy NP Sandy0 : NOM � � e (23)

snores VP �x: snores0(x) : SUBJ e � � t (24)
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Figure 5: The c-structure and f-term for Shesnores generatedby the frag-
ment (23{25). The f-term simpli�es straightforwardly to type t, yielding the
semantic labelling snores0(Sandy0).

S � ! NP
SUBJ(NOM ; #)

VP
#

(25)

This fragment generatesthe c-structure and f-term depicted in Figure 5.
The f-term simpli�es to type t in the following steps:

Sandy0 : SUBJ(NOM � � e)
Sandy0 : SUBJ NOM � � SUBJ e SUBJ NOM

Sandy0 : e �x: snores0(x) : SUBJ e � � t
snores0(Sandy0) : t

5.2 Icelandic Quirky Case Marking

Quirky Casemarking in Icelandic presents a morecomplexarray of linguistic
data which exercisesa wider range of f-term machinery. This construction
has proven di�cult to encode in uni�cation-based grammars, and has mo-
tivated several non-monotonic extensionsto the basic uni�cation grammar
machinery, such as LFG's constraint equations and a complex inheritance
systemin HPSG (Sag,1995). The analysispresented heredemonstrateshow
the resourcesensitivity of R-LFG provides a simple way to encode the LFG
analysisof Andrews (1982)without requiring recourseto complexextensions
to the basic machinery of R-LFG.

In Icelandic, subject NPs are usually case marked nominative, as in
(26a). However, a few verbs, such as vantar `lacks' exceptionally casemark
their subject NPs with accusative or someother non-nominative \quirky"
case(26b). The subjects of subject raising verbs, such as vir � ist `seems',
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usually appear in nominative case (26c), but if the embedded verb is a
quirky caseassigningverb then the matrix subject is assignedthe quirky
case,rather than nominative (26d).

(26) a. drengurinn
the-boy.nom

kyssti
kissed

st�ulkuna
the-girl.acc

`The boy kissedthe girl'

b. drengina
the-boys.acc

vantar
lacks

mat
food.acc

`The boys lack food'

c. hann
he.nom

vir � ist
seems

elska
love

hana
her.acc

`He seemsto love her'

d. hana
her.acc

vir � ist
seems

vanta
lack

peninga
money.acc

`Sheseemsto lack money'

This pattern of data receivesa straightforward informal account in terms
of caseassignment if we make the following assumptions:

� All NPs must receive exactly one case,

� Quirky casemarking verbs always assigna quirky case,

� Caseis preserved in Raising and other grammatical operations, and

� Structural nominative caseis only optionally assigned.

Thus if a subject NP receivesa quirky case,then that must be the case
that it appears in. On the other hand, if the subject NP is not assigneda
quirky case,then the only caseavailable is structural nominative case.

This account can be formalized in R-LFG as follows. The phrasestruc-
ture rules for this Icelandic fragment are the following.

S � ! NP
SUBJ((NOM) ; #)

VP
#

(27)

VP � ! V
#

 
NP

OBJ #

!  
VP

XCOMP #

!

(28)
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drengurinn
the-boy.nom

kyssti
kissed

st�ulkuna
the-girl.acc

V NP

VPNP

S
SUBJ

(NOM)
NOM � � e

ACC
ACC � � eOBJ

OBJ e � � SUBJ e � � t

Figure 6: The c-structure and f-term for the single clausenon-quirky Ice-
landic example (26a) generatedby (27{31).

The phrase structure rule (27) di�ers from the corresponding English rule
(25) in that it optionally embedds a NOM caseunder the SUBJ attribute.
The phrasestructure rule (28) introducesa verb, an optional direct object
NP and an optional VP. It embedds the direct object NP's f-term under
the OBJ attribute and the VP's f-term under the XCOMP attribute, as is
standard in LFG.

The lexical entries (29{31) are required to generatethe non-quirky single
clauseexample (26a). The c-structure and f-term associated with this ex-
ample are shown in Figure 6. It is straightforward to check that this f-term
reducesto t, labelled with kissed0(boy0; girl0).

drengurinn NP boy0 : NOM � � e (29)

st�ulkuna NP girl0 : ACC � � e (30)

kyssti V �y �x: kissed0(x; y) : OBJ e � � SUBJ e � � t;
OBJ ACC

(31)

The singleclausequirky casemarked exampleis only slightly more com-
plex. It can be described with the three additional lexical entries (32{34).

drengina NP boys0 : ACC � � e (32)

mat NP food0 : ACC � � e (33)

vantar V �y �x: lacks0(x; y) : OBJ e � � SUBJ e � � t;
OBJ ACC; SUBJ ACC

(34)

The lexical entry for the quirky casemarking verb vantar `lacks' in (34)
di�ers from that for the non-quirky verb kyssti `kissed' in that it assigns
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drengina
the-boys.acc

vantar
lacks

mat
food.acc

V NP

VPNP

S
SUBJ

(NOM) ; ACC
ACC � � e

ACC
ACC � � eOBJ

OBJ e � � SUBJ e � � t

Figure 7: The c-structure and f-term for the singleclausequirky caseexam-
ple (26b) generatedby (27{34).

an accusative caseto its subject (in the underlined part of the f-term) as
well as to its object. The c-structure and f-term for (26b) are depicted in
Figure 7. Again, it is straightforward to check that the f-term reducesto t,
and is labelled with the � -term lacks0(boys0; food0). Note that if the subject
were replacedwith a nominative NP the f-term would no longer reduce to
t, sincethe ACC casefeature embeddedunder the SUBJ attribute could not
be consumed.

The formalization of the non-quirky caseSubject Raising example(26c)
is very similiar to the standard LFG account of Subject Raising (Bresnan,
1982). The lexical entry (35) for the Raising verb vir � ist `seems'contains
the path equation SUBJ = XCOMP SUBJ which permits resourcesembed-
ded under the SUBJ attribute to be restructured under the XCOMP SUBJ
attributes. In this example,a resourceof type e is lowered into the embed-
ded clause. The f-term associated with this exampleis depicted in Figure 8.
(Here we ignore the complexities of pronominal binding, and treat the pro-
nounssimply asNPs that consumea nominativeor accusativecaseresource).
It is straightforward to check that this reducesto t, and is labelled with the
� -term seems0(loves0(he0; her0)).

vir � ist V �P :seems0(P) : XCOMP t � � t;
SUBJ = XCOMP SUBJ

(35)

elska V �y �x:l ove(x; y) : OBJ e � � SUBJ e � � t;
OBJ ACC

(36)

The syntactic rules and lexical entries introduced above that are inde-
pendently neededto account for quirky casemarking in single clausecon-
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Figure 8: The f-term for the non-quirky Subject Raising example (26c)
generatedby (27{36).
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Figure 9: The f-term for the quirky casemarked Subject Raising example
(26d) generatedby (27{36).

structions and for Subject Raisingwithout quirky casealsocorrectly account
for the interaction of those two constructions, which was presented in (26d)
on page22. The f-term for this example is shown in Figure 9.

Just as in the singleclausequirky casemarking example(26b), the sub-
ject NP is assignedboth an accusative caseand an optional nominative
case,so only an accusative subject NP can appear. If a nominative sub-
ject were inserted in matrix subject position it could consumethe optional
nominative caseresource,but the accusative caseresourceassignedby the
quirky verb to the subject would not be consumed, and so an f-term of
type t could not be derived. It is straight-forward to check that the f-term
depicted in Figure 9 simpli�es to t, and that it is labelled with the � -term
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seems0(lack0(she0; money0)).

6 Conclusion

This paper has introduced a simpli�ed version of LFG called R-LFG in
which a single representation called an f-term plays the role of both f-
description and f-structure. LFG's f-structure well-formednessconstraints
are re-expressedin terms of feature resourcedependencies,which permits
them to bechecked by the samemechanism that performssemantic interpre-
tation. It is not implausible that this canbedonefor many, if not most, LFG
analyses,as many standard LFG analysesalready have a resourceoriented
character, and it seemsthat the \core" LFG analysesof Raising, Control,
etc., can be straightforwardly reexpressedin R-LFG.

Even if it turns out that the R-LFG project is ultimately untenable|
perhapsit will be possibleto demonstrate that somelinguistically necessary
properties of f-structures simply cannot be adequately captured using the
resourcelogic machinery utilized for semantic interpretation|this research
may still contribute by providing an alternative perspective on feature in-
teractions in grammar and suggestingmodi�cations or extensions to the
standard LFG framework.
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