Specificationand Verification of Binding Constraints: an integrated account^∗

António Branco

Dept. of Informatics, University of Lisbon Faculdade de Ciências de Lisboa, Camp o Grande, 1700 Lisboa, Portugal

Antonio.Branco@di.fc.ul.pt

Abstract

Binding constrain ts form one of the most robust modules of grammatical knowledge. They have resisted, however, to be neatly integrated into grammar specification and to receive a full implementation. We argue that the ultimate root for this is to be found in the curren t coindexation-driv en rationale for their specification and verification. As an alternativ e, we propose a semantics-driv en approac h which, while permitting a unificationbased specification of binding constrain ts, allows for a verification metho dology that supports a lean implementation of binding theory.

1 Intro duction

Binding constrain ts delimit the relativ e positioning of anaphors and their admissible antecedents in grammatical geometry. From an empirical perspective, they stem from quite robust generalizations and exhibit a universal character, given their parameterized validity across natural languages. From a conceptual point of view, in turn, the relations among binding constrain ts involve non-trivial symmetry , which lends them a modular nature. Accordingly, they have been considered one of the most robust modules of grammatical knowledge, usually known as binding theory.

1.1 Sp ecification

The specification of binding constrain ts has been the focus of intense research in last decades, from which a binding theory of increased empirical adequacy has emerged. Recent developments of (Pollard and Sag, 1994, Chap.6), indicate that there are four of such constrain ts (vd. (Xue, Pollard, and Sag, 1994), (Branco and Marrafa, 1999)):

(1) Principle A: A locally o-commanded short-distance reflexive must be locally o-bound.

Lee_i thinks [Max_j saw himself_{∗i/j} ].

∗ I am grateful to Hans Uszkoreit for advice and criticism. My thanks go also to Mark Johnson for helpful discussion.

Principle Z: An o-commanded long-distance reflexive must be o-bound. [O [the amigo friend do of the

Rui_i]_j Rui] acha thinks que that o the Pedro_k Pedro gosta likes dele of he próprio_{∗i/j /k}. pr óprio ’[Rui’s friend]_j thinks that Pedro_k likes him_j /himself_k.’ (Portuguese) Principle B: A pronoun must be locally o-free.

Lee_i thinks [Max_j saw him_{i/∗j} ]. Principle C: A non-pronoun must be o-free.

[Kim_i’s friend]_j thinks [Lee saw Kim_{i/∗j} ].

These constrain ts are defined on the basis of some auxiliary notions. The notion of local domain involves the partition of sentences and associated grammatical geometry into two zones of greater or less proximity with respect to the anaphor. Typically, the local domain coincides with the predication domain of the predicator subcategorizing the anaphor. In some cases, there may be additional requiremen ts that the local domain is circumscrib ed by the first upward predicator that happ ens to be finite, bears tense or indicativ e features, etc.. O-command is a partial order under which, in a clause, the Subject o-commands the Direct Object, the Direct Object o-commands the Indirect Object, and so on, following the usual obliqueness hierarc hy of grammatical functions, being that in a multiclausal sentence, the upward argumen ts o-command the successively embedded argumen ts. The notion of o-binding is such that x o-binds y iff x o-commands y and x and y are coindexed, where coindexation is meant to represen t anaphoric links.^1

1.2 Verification

In contrast to the atten tion devoted to their specification, the issue of verifying the compliance of grammatical represen tations with binding constrain ts has not deserved an equally atten tive scrutin y. As a consequence, the formal and computational handling of these constrain ts presents considerable resistance when it comes to their full integration into grammar. As we discuss in detail below, the mainstream metho dology for the verification of binding constrain ts, first proposed in (Chomsky, 1980, 1981), requires extra-grammatical processing steps of non-tractable complexit y which, moreover, deliver a forest of indexed trees to anaphor resolvers. More recently, constrain t-based grammatical frameworks have not been equipp ed with satisfactory alternativ es. In LFG, the account of binding constrain ts requires special purp ose extensions of the description formalism (Dalrymple, 1993), though ensuring only a partial handling of these constrain ts. As to HPSG, no formal integration of binding constrain ts into grammar is offered. It is interesting to note that in the nine page Appendix of (Pollard and Sag, 1994), the fragment of grammar developed and discussed along this book is fully specified using the HPSG description

1There are anaphors that are sub ject-orien ted, in the sense that they only tak e anteceden ts that have the grammatical function Sub ject. Some authors (e.g. Dalrymple (1993)) assume that this should be seen as an intrinsic parameter of binding constrain ts and aim at integrating it in their definition. In this point we follow previous results of ours reported in (Branco, 1996), where the sub ject-orien tedness of anaphors is argued to be, not an intrinsic feature of binding constrain ts, but one of the surfacing effects that result from the non linear obliqueness hierarc hy associated to some predicators (or to all of them in some languages).

formalism. Binding constrain ts receive a definition in Chapter 6, but are the only part of grammatical knowledge discussed in the book that escapes such formal encoding. While pointing out the fact that these constrain ts are waiting to be accommodated into HPSG grammars, Backofen et al. (1996, p.65) and Bredenkamp (1996) subsequen t elaboration on this issue implied that some kind of essential limitation of the description formalism for represen ting grammatical knowledge might have been reached^2 — a suggestion we seek to contradict in the present paper. Our primary goal here is thus to bridge the gap between the grammatical nature of binding constrain ts and their full integration into grammar so that the effective coverage of constrain tbased grammars is extended and integrates binding theory. In particular, we aim at achieving this by using a lean description formalism, and by ensuring both an empirically adequate specification and a tractable verification of binding constrain ts. As a first step, in Section 2, we underline the distinction, seldom taken into account, between specification and verification of binding constrain ts. We will then review advances proposed in the literature concerning the latter. We observe that three major lines of progress can be identified with respect to the verification task: packaging of anaphoric ambiguity, packaging of non-locality, and lexicalization of binding constrain ts. Building on these contributions, in Section 3 we discuss their harmonization. We suggest that a more accurate comprehension of the nature of binding constrain ts is an importan t step towards this goal. On the basis of such revision, and adopting an undersp ecified represen tation of the semantics of anaphors, we introduce the rationale of a new, integrated account for the specification and verification of binding constrain ts. In Section 4, in the light of this new metho dology, we show how binding constrain ts can be fully integrated into grammar. We provide a modular specification of binding theory in terms of the HPSG description formalism and discuss the basic requiremen ts of its implementation in an implemented formalism such as ProFIT (Erbac h, 1995). Section 5 is devoted to the discussion of the results contributed in this paper and to a consideration of the lines of research possibly open by these contributions.

2 The Coindexation-driv en Paradigm

The specification of binding constrain ts have greatly evolved in the last decades, being one of the major research issues in theoretical linguistics. In contrast, the more practical issue of their verification has received a much less principled scrutin y, despite the fact that, also here, relevant problems remain to be studied. As a consequence, the device of coindexation for marking anaphoric links, and supporting the verification of their compliance with binding constrain ts, has remained quite stable. This device is at the heart of the mainstream approac h for verifying these constrain ts and has been adopted in the differen t variants of this approac h. The first formulation of a verification procedure based on coindexation dates back to (Chomsky, 1980, 1981), which set the stage for subsequen t research on this topic. The basics of this procedure can be outlined as follows:

2Bredenk amp (1996, Chap.7) presen ts a detailed discussion of some apparen t options to encode binding constrain ts in HPSG — coindexation as an unbounded dependency construction vs. type hierarc hy to classify anaphors according to their anaphoric realization vs. type hierarc hy to classify predicators in terms of the anaphoric realization of their argumen ts — and of their shortcomings.

(2) After the grammatical parsing of a sentence with n NPs has been completed, for every parse tree t: i. indexation: generate a new, annotated tree by assigning indices to the NPs in t; ii. filtering: store this annotated tree if the indexation of NPs respects binding constrain ts, otherwise delete it;

iii. iteration: repeat i.–ii. until all type-differen t assignmen ts of n possibly differen t indices have been exhausted.

As noted as early as in (Correa, 1988), this approac h is non-tractable, having Fong (1990) showed in detail that it is of exponential complexit y. Moreover, this metho dology implies the conceptual awkwardness of having a module of grammar, the set of binding constrain ts, that is not made operativ e during the grammatical processing, but as an extra-grammatical add-on.^3 On a par with these problems, this proposal disregards also any concern with interfacing grammar with systems for reference processing. The input for such systems will not be a grammatical represen tation to be refined vis-à-vis the preferences for anaphor resolution, but a forest of differen tly labeled trees that have to be internally searched and compared with each other by anaphor resolvers.

2.1 Packaging anaphoric am biguit y

A first proposal for improving the coindexation-driv en metho dology was due to Correa (1988). His effort was directed towards enhancing the integration of binding constrain ts into grammar and obtaining a practically tractable procedure. Simplifying some details, the proposed algorithm can be outlined as follows:

(3) Let t be a constituency tree where every NP has a type-distinct index. Start from the top of t with two empty stacks, A and B, where indices will be collected, respectively locally c-commanding^4 indices and non-locally c-commanding indices; when an NP_j is found: i. copy: leave a copy of A (if NP_j is a short-distance reflexive) or B (if it is a pronoun) at the NP_j node;

ii. assign: take the first index i of the stack copied into NP_j node, and annotate NP_j with j=i;

iii. collect: add index j to A. When a local domain border is crossed: iv. reset: reset B to A ∪ B.

This algorithm was given two differen t implementations, one by Correa (1988), the other by Ingria and Stallard (1989). Further elaboration by Giorgi, Pianesi, and Satta (1990),

3Correa (1988) observed that although the integration of binding constrain ts ”into rules which may be used to derive structure that already satisfies the [constrain ts] is not a straigh tforward task”(p.123), that should be the path to follow, a point also strongly stressed in subsequen t elaboration on this issue by Merlo (1993).

4C-command is a configurational version of the command relation where x c-commands y iff the first branc hing node that dominates x dominates y (Bark er and Pullum, 1990).

and Pianesi (1991), offered a variant of this algorithm in terms of formal language techniques, where the stack copied into pronouns contains the antecedent candidates excluded by principle B. The ”do-it-while-parsing” approac h of Correa’s implementation has the advantage of discarding a special-purp ose postgrammatical module for binding. That implementation, however, turns out to be dependent on a top-down parsing strategy . On the other hand, Ingria and Stallard’s implementation has the advantage of being independent of the parsing strategy adopted. This was done however at the cost of still requiring a special-purp ose postgrammatical parsing module for binding. Besides the issue of bringing binding theory into grammar, it is worth noticing that this evolution inside the coindexation-driv en metho dology presented other significan t improvements. If one disregards step (ii) — a disguised recency preference mixed with binding constrain ts — and considers the result of verifying these constrain ts to be the assignmen t to an NP of the set of indices of its grammatically admissible antecedents, then it is possible to discard the proliferation of indexed trees as a way to express anaphoric ambiguity. Moreover, this packaging of anaphoric ambiguity provides for a neat interface with anaphor resolvers, whose preferences will then pick the most likely antecedent candidate from the relevant stack of indices. These advances permit a verification procedure of tractable complexit y ((Correa, 1988, p.127), (Giorgi, Pianesi, and Satta, 1990, p.5)). This results crucially from the move towards the lexicalization of the constraining effect of binding principles, a solution also adopted in subsequen t proposals by other authors, as we will discuss below. The binding constrain t of each anaphor is now enforced independently of how the surrounding anaphors happ en to be resolved. This implies that there is no need to anticipate all the differen t resolutions for all the relevant anaphors with a process of exhaustiv e coindexation. It implies also that cases of undesired transitiv e anaphoricit y are handled by other filters during the anaphor resolution process.^5 These positive results on the side of the verification task seems however to be obtained at the cost of some negativ e consequences on the side of the specification and empirical adequacy. The algorithm above is acknowledged not to be able to cope with constrain ts involving nonlocal dependencies. Principle C is not accounted for, and the anaphoric potential of anaphors complying with Principle B is only partially accommodated. As stack B only contains indices of the non-local c-commanders — not all indices except those of the local c-commanders — the constraining effect of Principle B is not correctly accounted for. Also backwards anaphora or cross-over cases are not handled (vd. (Correa, 1988, p.127), (Ingria and Stallard, 1989, p.268)).

2.2 Packaging non-lo calit y

Other contributions to improve the coindexation-driv en approac h are due to Dalrymple (1993) and Johnson (1995). Instead of being directed to packaging ambiguity as the one above, they have in common being concerned with packaging non-locality.

5Consider sentence John said that he shaved him. Ignoring how other anaphors are resolved, in the light of binding constrain t B, he can tak e John as its anteceden t; likewise, him can tak e John as its anteceden t. Nevertheless, if he actually ends up resolved against John , the latter cannot be the anteceden t of him, and vice-versa. This specific resolution both of he and him blocks two anaphoric relations that would otherwise have been admissible. It induces a contingen t violation of binding constrain t B due to an acciden tal, transitiv e anaphoric relationship between he and him.

2.2.1 Replication of trees in no des of trees

Johnson’s algorithm is embodied in Prolog code. Abstracting away from details associated to that format, it gets the following outline:

(4) Let t be a constituency tree where every NP has a type-distinct index. For every NP_i in t, traverse the tree from NP_i upwards until the top node is reached. When a locally c-commanding NP_j is found:

i. annotate NP_i with i=j if NP_i is a short-distance reflexive, ii. annotate NP_i with i≠j if NP_i is a non-refl exive;

When a non-locally c-commanding NP_j is found, iii. annotate NP_i with i≠j if NP_i is a non-pronoun.

Although this outline renders the algorithm in a bottom-up fashion, Johnson ingeniously developed an implementation of it that is independent of the parsing strategy by resorting to delaying mechanisms. Consequen tly, in spite of its postgrammatical flavor, that implementation does not require postgrammatical processing, thus bringing the task of binding constrain ts verification into grammar processing. These results were obtained with some accessory devices: Each node in the tree is ”conceptualized as a pair consisting of a tree and a vertex in that tree”(Johnson, 1995, p.62). Consequen tly, the whole tree where a given NP appears is locally accessible to be ”walked up” since its replica is present at the pair (Category , Tree), which is the NP node itself. This algorithm improves the coindexation metho dology in terms of efficiency as it does not resort to exhaustiv e indexation. This is possible, however, at the cost of highly complicating the grammatical represen tation due to the replication of the whole tree at each one of its nodes. Nevertheless, even avoiding exhaustiv e indexation, this approac h does not fully get rid of the proliferation of trees and ensures a neat interface with reference processing. For a given reflexive with more than one admissible antecedent, each differen t antecedent candidate corresponds to a differen t coindexation and, consequently, to a differen t tree. That is what generally happ ens with long-distance reflexives, but it may happ en also with short-distance ones, as in the example (5) below. As to the interface with reference processing, problems arise with reflexives and non-refl exives, though of differen t nature. Reflexives, if ambiguous, give rise to proliferation of trees thus requiring comparison between trees in the subsequen t process of anaphor resolution. As to non-refl exives, typically ambiguous, their analysis does not give rise to proliferation of trees, but does not capture their ambiguity either. This is so because they end up associated with negativ e information, i.e. information about what NPs cannot be their antecedents. The index of a pronoun is made unequal with the indices of its local c-commanders, it is not made equal with its grammatically admissible antecedents. The same holds for non-pronouns with respect to c-commanders. Consequen tly, in the case of non-refl exives, the task of determining the antecedent candidates that satisfy the relevant binding constrain t is to a large extent still to be completed.

2.2.2 Equations with regular expressions

The LFG account of binding, set forth in (Dalrymple, 1993), resorts to a differen t approac h to generalize over the possible non-locality of anaphoric dependencies. It uses lexical inside-out equations, a special-purp ose extension of the LFG description formalism which may include regular expressions,^6 as in (7) below, where an example with a long-distance reflexive, the Chinese ziji, is presented:

(5) John_i describ ed Bill_j to himself_{i/j} .

himself: ((obl_{Goal} ↑) subj )_σ = ↑_σ ∨ ((obl_{Goal} ↑) obj )_σ = ↑_σ (6) * John describ ed Bill_i to him_i.

him: ((obl_{Goal} ↑) obj )_σ ≠ ↑_σ (7) Zhangsan_i

Zhangsan_i yiwei though t

[Lisi_j [Lisi_j yiwei though t

[...ziji_{i/j /...}...]]. [...him_{i/j /...}...]].

ziji: ((obj * ↑) subj )_σ = ↑_σ

The right-hand side of the equation stands for the semantic represen tation (’σ’) of the fstructure (’↑’) of the anaphor. The left hand side stands for the semantics of the antecedent: In (7) the long-distance reflexive is an Object in a f-structure where one of the possibly many upward Subjects is the antecedent. Although initial skepticism about the tractabilit y of these equations was dissipated by Kaplan and Maxwell (1988), the survey by Backofen et al. (1996) reports that no implemented LFG grammar was known to handle binding. It is worth pointing out that no single generalization concerning its binding capacit y can be formally associated to a given anaphor, as several equations have to be defined for every anaphor. Each equation specifies concrete grammatical functions for a given anaphor and its possible antecedent, but either the anaphors or the antecedents may occur with one of a range of several grammatical functions (see a minimal example in (5)). Besides, it is not defined how non-lexical NPs (e.g. anaphoric definite descriptions, ruled by Principle C) may be assigned the corresp onding equation. However these difficulties turn out to be solved, the LFG variant of the coindexation-driv en approac h presents the same sort of problems of Johnson’s proposal. The interfacing of grammar with reference processing is problematic as the proliferation of represen tations is not avoided. The ambiguous reflexives end up represen ted by several different grammatical represen tations. These represen tations corresp ond to the satisfaction of differen t equations for the same anaphor, involving differen t grammatical functions, as in (5), or result from the several existential interpretations of functional uncertain ty in the case of long-distance reflexives, as in (7). Likewise, the anaphoric capacit y of pronouns and non-pronouns, typically ambiguous, is not represen ted. There is only one f-structure resulting from the universal interpretation of negative equations associated with these type of anaphors. No information about their possible antecedents complying with the relevant binding constrain t is provided.

6Koenig (1999) intro duces a device in HPSG description formalism for stating inside-out constrain ts. This suggestion helps to make an HPSG emulation of the LFG varian t of the coindexation-driv en approac h for the verification of binding constrain ts.

Finally, it is worth noting that other problems can also be pointed out, that are specific of this LFG account of binding. One of these problems emerges from the fact that the positive equations for reflexives do not require identity of indices of anaphorically related expressions, but instead impose identity of semantic represen tations. This incorrectly enforces any type of anaphora (bound, bridging, e-type, etc.) to the sole mode of coreference. Another problematic issue was identified by Bredenkamp (1996, p.96). Binding constrain ts exhibit a universal character given their validity across languages, provided that the convenient parameterization of the auxiliary notions involved in their definition (cf. Section 1.1) is ensured. In this sense, there seems to be a loss of generalization in this LFG account inasmuch as binding constrain ts cannot be stated in their own in the individual grammars, still less to be ”reused” from one to the other and be part of the core constrain ts of an eventual universal grammar. In fact, their constraining effect turn out to be crafted into the several inside-out equations in the grammars.

3 A Seman tics-driv en Paradigm

The contributions assessed above share a common point of departure with regards the verification algorithm first proposed by Chomsky (1980, 1981), thus solving some of its more significan t drawbacks. The move towards the lexicalization of binding constrain ts represen ts an importan t shift in the verification strategy: Verifying binding constrain ts is not a matter of inspecting final grammatical represen tations, but instead a matter of some local operation triggered by information lexically associated with anaphors about their anaphoric class. This allowed to bring binding constrain ts verification into grammar processing, and permitted tractable verification procedures. From the discussion in the previous Section, it follows also that these contributions were only partially successful in overcoming other problems of the coindexation-driv en metho dology. Being partially successful, the contributions mentioned above, however, brought to the fore essential dimensions of binding that have to be concomitan tly accounted for. Accordingly, an alternativ e metho dology for binding constrain ts verification has to find a way to harmonize all these differen t aspects — lexicalization, anaphoric ambiguity packaging and non-local context packaging — while giving a suitable answer to the issues of a correct empirical coverage and a neat interfacing of grammar and anaphor resolution. Against this background, a breakthrough depends, on our view, on changing some entrenched primitiv es underlying the conception of binding constrain ts. In the previous Section we underlined the distinction between the issues of specification and verification of binding constrain ts, so that the latter could be isolated and better assessed. We argue now that further improvements on it depend on bridging back this distinction and possibly changing the way one understands the specification of binding constrain ts itself.

3.1 Patterns in the seman tics of anaphors

Binding constrain ts have been basically viewed as well-formedness conditions, thus belonging to the realm of Syntax: ”[they] capture the distribution of pronouns and reflexives” (Reinhart and Reuland, 1993, p.657). In line with (Gawron and Peters, 1990), however, we think these constrain ts should rather be understo od as conditions on semantic interpretation, given they delimit (non-local) aspects of meaning composition, rather than aspects of syntactic composition. Note that, like other kind of constrain ts on semantic composition, binding constrain ts impose conditions on the interpretation of certain expressions — anaphors, in the present case — based on syntactic geometry. This cannot be seen, however, as implying that they express grammaticalit y requiremen ts. By replacing, for instance, a pronoun by a reflexive in a sentence, we are not turning a grammatical construction into an ungrammatical one, even if we assign to the reflexive the antecedent adequately selected for the pronoun. In that case, we are just asking the hearer to try to assign to that sentence a meaning that it cannot express, in the same way as what would happ en if we asked someone whether he could interpret The red book is on the white table as describing a situation where a white book is on a red table. In the example above, given how they happ en to be syntactically related, the semantic values of red and table cannot be composed in a way that their sentence could be used to describ e a situation concerning a red table, rather than a white table. Likewise, if we take John thinks Peter shaved him, given how they happ en to be syntactically related, the semantic values of Peter and him cannot be composed in a way that this sentence could be used to describ e a situation where John thinks that Peter shaved himself, i.e. Peter, rather than a situation where John thinks that Peter shaved other people, e.g. Paul, Bill, etc., or John himself. The basic difference between these two cases is that, while in the first the composition of the semantic contributions of white and table (for the interpretation of their NP white table) is constrained by local syntactic geometry, in the latter the composition of the semantic contributions of John and him (for the interpretation of the NP him) is constrained by non-local syntactic geometry. This discussion leads one to consider that, semantically, an anaphor should be specified in the lexicon as a function whose argumen t is a suitable represen tation of the context — providing a semantic represen tation of the NPs available in the discourse vicinity —, and delivers an update both of its anaphoric potential – which is instan tiated as the set of its grammatically admissible antecedents – and of the context, against which other NPs are interpreted. Naturally, all in all, there will be four of such functions available to be lexically associated with anaphors, each corresp onding to one of the differen t four classes of anaphors, in accordance with the four binding constrain ts A, Z, B or C.

3.2 Binding nominals

This rationale is in line with the insights of (Johnson and Klein, 1990) concerning the processing of the semantics of nominals, and also the spirit (but by no means the letter) of the dynamic semantics framework (Chierchia, 1995). It provides a suitable ground for the harmonization of the differen t advances put forward in the literature concerning the integration of binding theory into grammar. It can also be the basis for an integrated account of the specification and verification of binding constrain ts. Note that the relevant input context may be represen ted under the form of a set of three lists of reference markers, A, Z and U. List A contains the reference markers of the local o-commanders of n ordered according to their relativ e grammatical obliqueness; Z includes the o-commanders of n, possibly observing multiclausal obliqueness hierarc hy; and U is the list of all reference markers in the discourse context, including those not linguistically introduced.

The updating of the context by an anaphoric nominal n may be seen as consisting simply in the incrementing of the represen tation of the former, with a copy of the reference marker (Kamp and Reyle, 1993) of n being added to the three lists above. The updating of the anaphoric potential of n, in turn, delivers a represen tation of the contextualized anaphoric capacit y of n under the form of the list of reference markers of its admissible antecedents. This list results from the binding constrain t, associated to n, being applied to the relevant represen tation of the context of n. Given this setup, the role of binding constrain ts in circumscribing the anaphoric potential of nominals is explicitly acknowledged. The particular contextualized realization of that potential and the verification of binding constrain ts coincide and consist in a few simple steps. If the nominal n is a short-distance reflexive, its semantic represen tation is updated with A’, where A’ contains the reference markers of the o-commanders of n in A. If n is a long-distance reflexive, its semantic represen tation includes Z’, such that Z’ contains the o-commanders of n in Z. If n is a pronoun, B= U\(A’∪ [r-mark_n ]) is encoded into its represen tation, where r-mark_n is the reference marker of n. Finally if n is a non-pronoun, its updated semantics keeps a copy of C= U\(Z’∪ [r-mark_n ]). Note that these lists A’, Z’, B and C collect the reference markers that are antecedent candidates at the light only of the relevant binding constrain ts, which are relativ e positioning filters in the process of anaphor resolution.^7 Their elements have to be submitted to the other filters and preferences of this process so that one of them ends up being chosen as the antecedent. In particular, some of these markers may turn up not being admissible antecedent candidates due to violation of other filters — e.g. those requiring similarit y of morphological features and of semantic type — that on a par with binding constrain ts have to be complied with. For example, in the slight variant of (5), John described Mary to himself, by the sole filtering effect of Principle A, {r-mark_{J ohn} , r-mark_{M ar y}} is the set of antecedent candidates of himself, which will be narro wed down to {r-mark_{J ohn} } when all the other filters for anaphor resolution have been taken into account.^8 Separating these two type of filters — similarit y of morphological features and binding constrain ts — seems to be a correct option, required by examples with split antecedents. In an example of this type, such as John told Mary they would eventual ly get marrie d, where they is resolved against John and Mary, the morphological features of the anaphor are not identical to the morphological features of each of its antecedents, though the relevant binding constrain t applies to each of them (Higginbotham, 1983). As discussed in (Eschenbach et al., 1989), in the case of plural anaphors, their set of antecedent candidates after the verification of binding constrain ts should receive further processing before other filters and preferences apply. The reference markers in that set, either singular or plural, should be combined into other plural markers in the way of i-sums a la Link (1983). It is easy to acknowledge that, while following an empirically grounded conception of binding constrain ts, this approac h embodies, and harmonizes, the major contributions of previous proposals concerning the verification of these constrain ts. It builds on specific strategies for the packaging of anaphoric ambiguity (vz. list of reference markers) and non-local context (vz. set of lists of reference markers). Concomitan tly, it supposes the lexicalization of binding

7See (Branco, 1999, Chap.2) for a list of filters and preferences for anaphor resolution prop osed in the literature.

8In this respect we deviate from the prop osal of (Pollard and Sag, 1994), where the token-iden tit y of indices is mean t to be forced upon the anaphor and its anteceden t in tandem with the relevant binding constrain t.

constrain ts. Moreover, this is achieved avoiding the above reported problems related to the proliferation of grammatical represen tations and to computational intractabilit y,^9 as well as the problem of the interfacing grammar with reference processing. What remains to be discussed is whether, given this new format for the verification of binding constrain ts, their specification and integration into grammar can still be made with curren tly affordable formal and computational tools.

4 An HPSG/UDR T Exercise

This new approac h to binding constrain ts can receive an easy and principled integration into formal grammar. In what follows, we outline how the module of binding theory can be specified and handled in a constrain t-based grammatical framework such as HPSG. As a proposal for that integration, we designed an extension to the UDRT semantics component for HPSG of Frank and Reyle (1995). This component is encoded as the value of feature cont(ent) , which is now enhanced with feature anaph(ora) . This new feature keeps information about the anaphoric potential of the corresp onding nominal n: its subfeature antec(edents) keeps record of how that potential is updated when the anaphor enters a grammatical construction; and its subfeature r(eference)-mark(er) indicates the reference marker of n, to be contributed to the context. On a par with this extension, and still assuming (Pollard and Sag, 1994) feature geometry as a starting point, also the nonloc value is extended with a new feature, bind(ing) , with subfeatures list-a , list-z , and list-u . These lists provide a specification of the relevant context and corresp ond to the lists A, Z and U above. Subfeature list-lu is a fourth, auxiliary list for encoding the contribution of local context to the global, non-local context.^{10} Given this adjustmen t to the grammatical geometry, the lexical definition of a pronoun, for instance, will include the following synsem value: (8)

loc |cont ls [ l-max 1 l-min 1 ]

subord {}

conds [ label 1 ar g-r 2 ]

anaph r-mark 2

antec principleB ( 4 , 3 , 2 )

nonloc |bind list-a 3 list-z list list-u 4 list-lu 2

9At worst list app ending and list complemen tation are the operations involved at each node of a tree for a string of length n, which can be carried out in time O(n^2 log(n)).

10 Given this extension of slash feature, the coordination constrain t requiring token-iden tit y of slash values of conjuncts should be refined in order to involve only its original subfeatures inher and to-bind .

In this feature structure, the contribution of the its reference marker for the context by the pronoun is ensured via token-identity between r-mark and list-lu values. The piling up of this reference marker in the global list-u value is determined by a new HPSG principle specific to binding (cf. (9) below). The binding constrain t associated to pronouns, in turn, is specified as the relational constrain t principleB . This relational constrain t is responsible for the updating of the anaphoric potential of the pronoun as it enters a grammatical construction. When its argumen ts are instan tiated, this constrain t returns list B as the value of antec . It is defined to take (in first argumen t) all markers in the discourse context, given in list-u value, and remove from them both the local o-commanders (included in second argumen t) of the pronoun and the marker corresp onding to the pronoun (in third argumen t). The synsem of other anaphors, ruled by Principles A, C or Z, are similar to the one above.^{11} The crucial difference lies in the relational constrain ts in antec value. These constrain ts encode the adequate binding principles — principleA , principleC and principleZ — and return the updated anaphoric potential under the form of a list — A’, C or Z’, respectively —, along the lines discussed in the previous Section. We turn now to the specification of the context, i.e. the values of list-a , list-z , list-u and list-lu . This represen tation can be handled by means of a new HPSG principle we termed the Binding Domains Principle. This principle consists of three clauses constraining signs with respect to these lists of reference markers. Due to space limitations, we illustrate only part of this principle in full detail below, with its Clause I, for list-u and list-lu . The full specification of Binding Domains Principle can be found in (Branco, 1999, Chap.6):

(9) Binding Domains Principle , Clause I i. list-lu value is identical to the concatenation of list-lu values of its daughters in every sign;

ii. list-lu and list-u values are token-identical in a sign of sort discourse; iii. i. list-u value is token-identical to each list-u value of its daughters in a non- NP sign;

ii. in an NP sign k:

• in Spec-daughter, list-u value is the result of removing the elements of list-a value of Head-daugh ter from the list-u value of k;

• in Head-daugh ter, list-u value is the result of removing the value of rmark of Spec-daughter from the list-u value of k.

By virtue of (i.), list-lu collects up to the outmost sign, which is designed to be of sort discourse, the markers contributed for the context by the differen t NPs. Given (ii.), they are passed to list-u at this sign . And (iii.) ensures that they are propagated to every NP. Subclause (iii.ii) is meant to avoid a self-reference loop due to anaphoric interpretation, which is known in the literature as the i-within-i effect. The HPSG top ontology was thus extended with the new subsort discourse: sign ≡ word ∨ phr ase ∨ discour se. This new type of object corresp onds to sequences of sentential signs, for

11 Binding constrain ts for non-lexical anaphoric nominals are lexically stated in the corresp onding determiners.

which a specific Immediate Dominance schema has to be provided, and at which reference markers from the non-linguistic context may be introduced. As to the other two Clauses of Binding Domains Principle, they are designed to constrain t list-a and list-z values. Briefly, Clause II ensures that list-a value is passed from the lexical head to its successive projections, and also from the head-daugthers to their argumen ts. Concomitan tly, at the lexical entry of any predicator p, list-a is defined as the concatenation of the r-mark values of the subcategorized argumen ts of p, specified in its ar g-s value. Note that exemption occurs when principleA ( 1 , 2 ) is the empty list, in which case the anaphor resolver operating on that list should find an antecedent for the reflexive outside any binding constrain t (Pollard and Sag, 1994, p.263) Clause III ensures that, at the top node of the grammatical represen tation, list-z is set up as the list-a value of that sign. Moreover, it ensures that list-z is successively incremented at the suitable downstairs nodes — those defining successive locality domains for binding — by appending, in each of these nodes, list-a value with list-z value of the upstairs node. From this description of Binding Domains Principle, it follows quite naturally that the locus in grammar for the parameterization of what counts as a local domain for a given language is the specification of Clause II and III for that language. This exercise of specifying a binding theory for HPSG that complies with the semanticdriven rationale for binding constrain ts put forward in the previous Section was worked out in a computational implementation using ProFIT (Erbac h, 1995). In this computational grammar the relational constrain ts coding binding principles were implemented by means of Prolog predicates associated to the lexical clauses of anaphoric expressions. These relational constrain ts for binding were straigh tforwardly defined in terms of simple auxiliary predicates ensuring the basic component operations of list appending, list difference, etc. It is of note that some of these auxiliary predicates have argumen ts, e.g list-u , whose value is obtained when the whole relevant grammatical represen tation is built up. As expected, this is a consequence of accumulating and packaging non-local information in such lists. Like in Jonhson’s approac h, this imposes that some delaying device is used in the evocation of those predicates, which in this implemented grammar was done by resorting to the Prolog built-in predicate freeze/2.

5 Discussion and Outlo ok

5.1 Lexicalization and undersp ecification

The above unification-based account of binding constrain ts reconciles specification and verification in the sense that the semantics-driv en rationale set up in Section 3 found an accommodation in HPSG such that no verification procedure specific to binding theory is required other than the general procedure to verify ordinary grammatical constrain ts of the HPSG description formalism. Note also that, while this account provides for an integration of binding into grammar specification and processing, it ensures computational tractabilit y and does not resort to represen tational proliferation to encode anaphoric ambiguity. These formal and computational results are obtained without any special-purp ose extension of the description formalism, but also without loss of empirical adequacy in the predictions ensured by binding constrain ts. For every anaphor of the differen t four binding classes, the corresp onding binding requiremen t is correctly secured and its anaphoric ambiguity is fully represen ted. Empirical adequacy extends also to a suitable handling of anaphoric links for anaphora of all types. Once a given reference marker x is identified as the antecedent, out of the set of antecedent candidates, it can be related with the marker y of the corresp onding anaphor by means of an appropriate DRS condition in the conds value. Such a condition models the specific type of anaphora at stake. For instance, coreference will require the expected condition y= x, while an instance of bridging anaphora^{12} may be modeled by y= brid(x), where brid stands for the relevant bridging function, etc.^{13} On a par with these results on their formal and empirical aspects, binding constrain ts are also accommodated by doing justice to the role they appear to play in natural language grammar. Coping with this desideratum is possible given a clear separation between the relevant parameterization factors and binding constrain ts proper is ensured. Accordingly, the generalizations of universal character encoded by these constrain ts can be uniformly read off from the specification of the grammars for particular languages. The conceptual soundness of this account extends also to the common wisdom about the division of labor between grammars and anaphor resolvers. This approac h provides for a suitable hooking up of the grammatical module of binding with, possibly non-grammatical, modules for anaphor resolution and reference processing. Feature antec is the neat interface point between them, and its value has just to be cut down by anaphor resolvers until the most likely antecedent be possibly isolated. Given that the semantic relation between antecedent and anaphor markers can be specified simply as another DRS-condition in conds value, a DRT/HPSG represen tation for the resolved anaphoric link is available and the integration of anaphor resolution outcome into grammatical represen tation is neatly secured.

5.2 Essen tial incremen tabilit y

As acknowledged in the previous sections, these results are built on contributions in the literature whose efforts and shortcomings we interpreted as pointing towards crucial dimensions in the understanding of binding that were in need to be harmonized so that a new step forward could be achieved:

• Lexicalization: Binding constrain ts are properties of anaphoric expressions determining how their semantic value can be composed or co-specified, under a non-local geometry, with the semantic value of other expressions. Accordingly, their proper place in grammar specification is at the lexical description of the relevant anaphoric items.

• Undersp ecification: Binding constrain ts delimit how the anaphoric potential of anaphors can be realized when they enter a grammatical construction. On the one hand, this realization is not a final solution in terms of circumscribing the elected antecedent, but a space of grammatically admissible solutions. On the other hand, this realization of anaphoric potential has to be decided, locally, in terms of non-local information. Accordingly, an undersp ecification-based strategy is required to pack ambiguity and non-locality.

12 Under the mode of bridging (indirect or associativ e) anaphora, an anaphor may refer to an entit y that is e.g. an element or part of the denotation of the anteceden t, or an entit y that includes the denotation of the anteceden t, etc. See (Poesio and Vieira, 1998) for a recent discussion.

13 Vd. (Branco, 1999, Chap.5) for a detailed elaboration on this issue.

At this juncture we have access to an equation of the binding problem that may help to elucidated possible open research issues. The importan t point to note is that there might be something specific to the undersp ecification strategy mentioned above. Notice that undersp ecification in the usual sense is meant to ensure that all possible solutions are present to be sieved down until the more appropriate one is possibly fixed. This is what could be termed as decremental undersp ecification. In contrast, the process of packaging non-local context and anaphoric potential seems to require a differen t type of undersp ecification which can be deemed as incremental. Here, the solution space is essentially open, not to be narro wed down yet, but to be incrementally enlarged. The discussion of a concrete example may help to clarify the point at stake. Consider the following two expressions, where the first one corresp onds to a stage before the completion of the utterance of the second one.

(10) if he_i appears on time, John_i will (11) If he_{i/j} appears on time, John_i will meet Bill_j today.

For the sake of the argumen t, let us assume that he happ ens to be sententially bound. In the grammatical represen tation of (10), feature antec , which encodes the undersp ecified represen tation of the anaphoric reference of he, should have the single marker [r-mark_{J ohn} ]. Nevertheless, when the utterance is completed, as in (11), antec value should rather be [r-mark_{J ohn} , r-mark_{Bill}]. This illustrates the incremental nature of this undersp ecified piece of grammatical information. Note that in the HPSG exercise reported in the previous section, if the Immediate Dominance schema for discourse signs is prepared to cope with non-sentential discourse units, one gets the expected represen tation of the anaphoric capacit y of the pronoun in both examples above. In any of these two cases, the computation of list-u value, upon which the value of antec depends, is delayed until a first dominance dependency from a discourse node is found. Although this provides the correct outcomes, we think it does not make justice to the incremental nature of the natural process. It may happ en that a human pauses in (10). In such a case, he can thereafter proceed to (11) and finish the utterance, successfully resuming the interpretiv e task, admittedly incrementing the natural correlates of [r-mark_{J ohn} ] to those of [r-mark_{J ohn} , r-mark_{Bill}]. In contrast, something similar is not possible with the HPSG fragment above. In what concerns at least the list-u and antec values, the grammatical represen tation obtained for (10) would have to be overridden in order to obtain the incremented represen tation for (11), an option not available. The represen tation for (11) has to be built up from scratc h, it cannot be obtained from the incrementing of the represen tation of (10).^{14} This argumen t builds on examples of utterance continuation, such as (10) and (11), but it may find further empirical support in the cases of accidental transitiv e anaphoric links (vd. Section 2.1 above). In these cases, it is apparen t that the outcome of the constraining effect of

14 Note that this discussion may be also illuminating in what concerns implemen tation alternativ es to the approac h that uses delaying mechanisms. Getting at every relevant point of the parsing process an updating of the lists locally encoding the non-lo cal context, if possible, implies the overhead of re-doing at every such point the calculations required by the binding constrain ts that happ en to apply at the differen t NPs already parsed.

a binding constrain t for a given nominal may be re-calculated given the way other anaphors in the context turn out to be resolved. This seems to provide further evidence implying an essential incremental nature in the processing of binding constrain ts. We think there may be here an interesting research issue which the account of binding reported in this paper helps to bring to light. It seems to touch on an importan t feature of natural language processing whose understanding and modeling may help to enhance the robustness of grammars.

6 Conclusions

Departing from the coindexation-driv en paradigm, we proposed an alternativ e, semanticsbased rationale for the specification and verification of binding constrain ts. Under this rationale, these constrain ts are viewed as contributing to circumscrib e the contextually determined semantic value of anaphors. This approac h helped to find a principled and modular integration of binding theory into constrain t-based grammars. It permitted a specification format that avoids resorting to non-lean formalisms, and a verification metho dology of tractable complexity, thus allowing the extension of the empirical coverage of implemented grammars based on an explicit, constrain t-based represen tation of linguistic knowledge.

References

Backofen, Rolf, Tilman Becker, Jo Calder, Joanne Capstic k, Luca Dini, Jochen Dörre, Gregor Erbac h, Dominique Estival, Suresh Manandhar, Anne-Marie Mineur, Gertjan van Noord, Stephan Oepen, and Hans Uszkoreit. 1996. Final Report of the EAGLES Formalisms Working Group. Technical report, EAGLES-Exp ert Advisory Group on Language Engineering Standards, Luxemburg.

Barker, Chris and Geoffrey Pullum. 1990. A Theory of Command Relations. Linguistics and Philosophy, 13:1–34.

Branco, António. 1996. Branching Split Obliqueness at the Syntax-Seman tics Interface. In Proceedings of the 16th International Conference on Computational Linguistics (COLING’96) , pages 149–156.

Branco, António. 1999. Reference Processing and its Universal Constr aints . Ph.D. thesis, University of Lisbon, Lisbon.

Branco, António and Palmira Marrafa. 1999. Long-distance Reflexives and the Binding Square of Opposition. In Gert Webelhuth, Jean-Pierre Koening, and Andreas Kathol, editors, Lexical and Constructional Aspects of Linguistics Explanation . CSLI Publications, Stanford, chapter 11, pages 163–177.

Bredenkamp, Andrew. 1996. Towards a Binding Theory for Head-driven Phrase Structur e Grammar . Ph.D. thesis, University of Essex, Essex.

Chierchia, Gennaro. 1995. Dynamics of Meaning: Anaphor a, Presupposition, and the Theory of Grammar . The University of Chicago Press, Chicago.

Chomsky, Noam. 1980. On Binding. Linguistic Inquiry , 11:1–46.

Chomsky, Noam. 1981. Lectures on Government and Binding. Foris, Dordrecht.

Correa, Nelson. 1988. A Binding Rule for Government-binding Parsing. In Proceedings of the 12th International Conference on Computational Linguistics (COLING’88) , pages 123–129.

Dalrymple, Mary. 1993. The Syntax of Anaphoric Binding. CSLI Publications, Stanford.

Erbac h, Gregor. 1995. Prolog with Features, Inheritance and Templates. In Proceedings of the 7th European Chapter of the Association of Computational Linguistics (EACL’95), pages 180–187.

Eschenbach, Carole, Christopher Habel, Michael Herweg, and Klaus Rehkaemper. 1989. Remarks on Plural Anaphora. In Proceedings of the 27th Annual Meeting of the Association for Computational Linguistics (ACL’89), pages 161–167.

Fong, Sandiway. 1990. Free Indexation: Combinatorial Analysis and a Compositional Algorithm. In Proceedings of the 28th Annual Meeting of the Association for Computational Linguistics (ACL’90), pages 105–110.

Frank, Anette and Uwe Reyle. 1995. Principle Based Semantics for HPSG. In Proceedings of the 7th Conference of the European Chapter of the Association for Computational Linguistics (EACL’95), pages 9–16.

Gawron, Jean Mark and Stanley Peters. 1990. Anaphor a and Quantific ation in Situation Semantics . CSLI Publications, Stanford.

Giorgi, Alessandra, Fabio Pianesi, and Giorgio Satta. 1990. A Computational Approac h to Binding Theory. In Proceedings of the 13rd International Conference on Computational Linguistics (COLING’90) , pages 1–6.

Higginbotham, James. 1983. Logical Form, Binding and Nominals. Linguistic Inquiry , 14:395–420.

Ingria, Robert and David Stallard. 1989. A Computational Mechanism for Pronominal Reference. In Proceedings of the 27th Annual Meeting of the Association of Computational Linguistics (ACL’89), pages 262–271.

Johnson, Mark. 1995. Constrain t-based Natural Language Parsing. Course notes, Barcelona. 7th Europ ean Summer School in Logic, Language and Information.

Johnson, Mark and Ewan Klein. 1990. Discourse, Anaphora and Parsing. In Proceedings of the 28th Annual Meeting of the Association of Computational Linguistics (ACL’90), pages 197–302.

Kamp, Hans and Uwe Reyle. 1993. From Discourse to Logic: Intr oduction to Modeltheoretic Semantics of Natur al Language, Formal Logic and Discourse Representation Theory. Kluwer, Dordrecht.

Kaplan, Ronald and John Maxwell. 1988. An Algorithm for Functional Uncertain ty. In Proceedings of the 12th International Conference on Computational Linguistics (COLING’88) , pages 297–302.

Koenig, Jean-Pierre. 1999. Inside-Out Constrain ts and Description Languages for HPSG. In Jean-Pierre Koening Gert Webelhuth and Andreas Kathol, editors, Lexical and Constructional Aspects of Linguistics Explanation . CSLI Publications, Stanford, chapter 17, pages 265–280.

Link, Godehard. 1983. The Logical Analysis of Plural and Mass Terms: A Lattice-theoretical Approac h. In R. Baeuerle, C. Schwarze, and A. Stechow, editors, Meaning, Use and Interpretation of Language. Walter de Gruyter, Berlin, pages 302–323.

Merlo, Paola. 1993. For an Incremen tal Computation of Intra-sen tential Coreference. In Proceedings of the International Joint Conference on Artificial Intel ligence (IJCAI’93) , pages 1216–1221.

Pianesi, Fabio. 1991. Indexing and Referential Dependencies within Binding Theory: a Computational Framework. In Proceedings of the 5th Conference of the European Chapter of the Association of Computational Linguistics (EACL’91), pages 39–44.

Poesio, Massimo and Renata Vieira. 1998. A Corpus-based Investigation of Definite Description Use. Computational Linguistics , 24:183–216.

Pollard, Carl and Ivan Sag. 1994. Head-Driven Phrase Structur e Grammar . The University of Chicago Press, Chicago.

Reinhart, Tanya and Eric Reuland. 1993. Reflexivity. Linguistic Inquiry , 24:657–720.

Xue, Ping, Carl Pollard, and Ivan Sag. 1994. A New Perspective on Chinese Ziji. In Proceedings of the the West Coast Conference on Formal Linguistics (WCCFL’94) , Stanford. CSLI Publications.