Improving the Hiciency of Parsing
Discontinuous Constituents

Mike Daniels

daniels@ling.osu.edu
Draft of 6 May 2003

1 Introduction

A prominent tradition within the framework of Head-Driven Phrase Structure Grammar
(HPSG, Pollard and Sag 1994) has argued on linguistic grounds for analyses which license
so-called discontinuous constituents (Reape 1993; Kathol 1995; Richter and Sailer 2001;
Mdller 1999a; Penn 1999; Donohue and Sag 1999; Bonami et al. 1999), joining researchers
in other linguistic frameworks, including Dependency Grammar (Broker 1998; Platek et al.
2001), Tree Adjoining grammar (Kroch and Joshi 1987; Rambow and Joshi 1994), Catego-
rial Grammar (Dowty 1996; Hepple 1994; Morrill 1995), and those positing tangled trees
(McCawley 1982; Huck 1985; Ojeda 1987; Blevins 1990) in rejecting string concatenation
as the fundamental mode of constituent combination.

More recently, Miller (2003) argues that HPSG grammars for German which license dis-
continuous constituents should also be preferred on computational grounds. The idea un-
derlying Muller’s argument is that in order to license the many word order possibilities
(as, for instance, are found in the so-callMitelfeld), a large number of phrase-structure
rules or equivalent specifications are needed, resulting in a large number of potential con-
stituents. Since there is no need to distinguish theerdnt word orders in terms of the
resulting semantics, positingftérent rules for each order results only in wasted computa-
tional efort.?

At the same time, the parsing technology that has been developed to license discontinu-
ous constituents (Johnson 1985; Reape 1991a; van Noord 1991; Covington 1990, 1992;
Mdller 1996) is far lessféicient than Earley’s algorithm, the standard parsing algorithm for
context-free grammars (Earley 1970), and so the cost of processing such kinds of grammars
in practice has outweighed the significant reduction in potential constituents that results
from the licensure of discontinuous constituents. The reason for thiiieacy is that dis-
continuous constituents must be characterized by the subset of the input they advlke,

the parsing algorithms for context-free grammars can characterize potential constituents by
the string interval they cover (since all potential constituents in a context-free grammar are
contiguous). This presents a challengefiiceency, since the number of possible subsets
grows at a much higher rate than the number of possible subintervals as the size of the input
increases. The following chart illustrates the problem:

0| would like to thank Chris Brew, and Bob Levine for their helpful comments. This paper reports joint work
done with Detmar Meurers and is an extended and revised version of Daniels and Meurers (2002).

Linterestingly, discontinuous constituents are also assumed in the two German treebanks (Skut et al. 1997
Hinrichs et al. 2000).

2t has been argued that suclffdient word orders correspond to (subtle) semanfferginces (see, for instance,
Lenerz 2001). However, until a theory of theséeliences has been worked out, the only option is to license
the indistinguishable word order variations as instances of the same semantic form. For most computational
purposes this is also likely to befigient in general.

3 Kasper et al. (1998), Miiller (1999b), and Ramsay (1999) discuss some methods for restricting the search space
of discontinuous constituency parsing, but the fundamental problem remains.



Length of sentence Possible sub-intervals Possible subsets

5 10 32
10 45 1024
15 105 32768
20 190 1048576
n o(n?) o(2")

The goal of this paper is to present a general parsing algorithm which fBcsre as Ear-

ley’s algorithm for context-free grammars when enough word order information is available
and then degrades gradually ifiieiency in relation to the number and kind of discontinu-
ities permitted by a grammar. This idea is closely related to the proposal by Suhre (1999).
However, while he focuses on formal language properties and provides valuable worst-case
complexity results, this paper focuses on the practical aspects of ensuring that order con-
straints are used forfiecient lookup of edges in the chart during completion and to limit
the number of rules considered for prediction. The algorithm described herein presents a
method for compiling order constraints into two kinds of bitmasks. By using these bitmasks
in edge indexing, the algorithm eliminates instances of the generate-and-test paradigm, al-
lowing the parser to check both dominance and word order relations in a tightly integrated
way.

The algorithm proposed here also makes it possible to process the daughters of a given
rule in any order. As such, it extends the notion of a head-driven algorithm (Kay 1990;
van Noord 1991) by additionally ordering the non-head daughters. This gives the grammar
writer a finer level of control over the parsing strategy used for each rule, to the point where
each rule can be presented in the order that most facilitates processing.

The paper will firstintroduce the grammar format assumed throughout, and then present the
algorithmic building blocks for the parser. This is followed by an outline and illustration

of the parsing algorithm itself; the paper then concludes with some evaluatory remarks and
directions for future research.

2 Describing Discontinuous Consitituency

The idea of discontinuous consitituency was first introduced into HPSG in a series of pa-
pers by Reape (1989, 1990, 1991b, 1993, 1994, 1996), who proposed the idea that word
order was determined not at the level of the local tree, but at the level of deedomain

which could potentially span multiple local trees. Each pre-terminal has a corresponding
order domain; as constituents combine to form larger constituents, so their order domains
combine to form larger order domains. In particular, each daughter’s order domain enters
its mother’'s order domain in one of two ways: by being set-unioneddmgin union),

or by being directly inserted as a unit in which the word order has been filoachin in-
sertion). Later work (Kathol and Pollard 1995; Kathol 1995; Yatabe 1996) introduced the
notion of partial compaction, in which only a portion of the daughter’s order domain is
isolated prior to set-union.

Domain insertion has twofkects:

e Compaction: The terminal yield of a domain-inserted non-terminal contains all and
only the terminal yield of the nodes it dominates — there are no holes or additional
strings.



e |solation: Precedence statements only constrain the order among elements within
a local domain. In other words, precedence constraints can never apply across do-
mains.

To illustrate the second of thesffexts, consider a local tréeconsisting of two daughters:

B has order domain [2] andC has order domain [3]. If B is domain-inserted ardl is
domain-unioned, then the only possible ordersX@are as shown in Figure 1. If both were
domain-unioned, all twenty-four orderings would be licensed. Thus every domain-unioned
constituent may potentially be discontinuous.

A) A B) A C) A
B/ \C B/ \C B/ \C
| | | | |
12 3/4 12 4/3 3>{4

D) A E) A F) A
B/ \C B/ \C B/ \C

|
4>{3 3>4<12 4>3<12

Figure 1: Domain Insertion and Domain Union

2.1 Grammar Format

Truly free word order is fairly rare among the world’s languages, however, and so a system
for constraining word order within each order domain is needed. Following Suhre (1999),

a subset of the linear specification language proposed by Gétz and Penn (1997) is used
to serve this purpose. In particular, the syntax ofUP rules (as commonly used for
describing GPSGs (Gazdar et al. 1985); see, e.g. (Shieber 1984)) can be augmented with
a means for specifying when and how domains are formed. The resulting grammar format
is, of course, interpreted fiierently when discontinuous constitutents are allowed, but the
underlying intuition remains the same. As a result, the grammars presented here will be
referred to as Generalized AP (GIDLP) grammaré.

A GIDLP grammar consists of four parts:

1) Aroot declaration.
2) A set of lexical entries.
3) A set of grammar rules.

The root declaration states the start symbol of the grammar and those order constraints
which hold in the root domain. Lexical entries have the f&m t, linking the preterminal

Ato the terminat. Grammar rules have the forda — a;L;|. HereA is a non-terminal,

« a list of non-terminals|. a set of order constraints, ahd set of isolation statements.

4 Suhre (1999) refers to a similar grammar class as LSL grammars, but this usage is at odds with the much more
extensive LSL described by (G6tz and Penn 1997).

5 Note that in contrast to phrase structure rules, the order of the non-terminals irrelevant for the interpre-
tation of the rule; it only determines the order of processing. This will have a significant impact on grammar
development, as described in section 6.2.



A anda are the left-hand side (LHS) and right-hand side (RHS) of the tukstablishes
the order constraints under which the rule applies, laddfines the domains that will be
created as a result. Bothandl can be empty; thus the simplest type of rule is shown in

().
(1) S— NP, VP

This rule says that aB may immediately dominate adP and aVP, with no constraints
on the relative ordering dfiP andVP. One may precede the other, or their daughters may
be interleaved.

2.1.1 Order Constraints

Order constraints are used in two places within a grammar: on individual rulesléas
level constraints) or in isolation statements @asnain-level constraints). In this systef,
all order constraints take the form of precedence constraints: given two elements in the
same domain, one must completely precede the other for the resulting parse to be valid.
Precedence constraints may optionally require immediate precedence: not only must the
constituents appear in a certain order, but there must also be no intervening material.

These two types of precedence are represented as follows:

e Weak precedence: A < B.

e Immediate precedence: A < B.

It is assumed thaf and B do not overlap, nor may either dominate the other (it would
otherwise be impossible to express an order constraint on a recursive rule).

Here, the symbolé andB may be descriptions or tokens. When parsing atomic categories
(as assumed in this paper), a description is simply a category label; as such, a constraint
involving descriptions may apply more than once within a given rule or domain. Tokens, on
the other hand, are used in rule-level constraints to indicate a particular RHS member; any
constraint. In this paper, tokens are represented by numbers corresponding to superscripted
indices on the RHS categories. In this paper, a constraint written exclusively with tokens is
called atoken-based constraint; one involving (perhaps exclusively) descriptions is called
description-based.

For instance, in the rule given in (2), the constraint indicates that category marked as 3 in
the rule’s RHS (here, the secoNéP) must precede any consituents labeNedccurring in
the same domain.

(2) A> NP V2 NP3 :3<V

Constraints can therefore be classified along two dimensions: their location, whether rule-
level or domain-level; and their composition, description-based (involving at least one de-
scription) or token-based (involving no descriptions). Note, however, that domain-level
constraints are never token-based. The constraint in (2) is an example of a rule-level,
description-based constraint.

6 Order constraints need not be based on precedence. Gétz and Penn (1997), for instance, argue for an order
constraint of the form “constituent X occupieth position within this constituent”. The GIDLP format does
not make use of such constraints.



2.1.2 Isolation Statements

The fourth rule component, the set of isolation statements, establishes the domains that will
be created by the rule. Each isolation statement has the(tartn A), wherea is a list of
tokensL is a list of domain-level order constraints, afids the resulting category. Such a
statement indicates that the constituents referencediill form a domain with category
Ainside which the constraints inhold.

The nature of the isolation statement(s) on a rule therefore determines the relationship
between the mother’s order domain and the daughters’ order domains. If a given daughter
is never referenced in an isolation statement, then it will be set-unioned into its mother’s
domain; if it is the sole category in an isolation statement, it will be directly inserted into
its mother’s domain; and if it occurs along with other categories in an isolation statement,
it will be part of a partially compacted element.

It is because of partial compaction that the third component in the isolation statement — the
result category — is needed: if only singleton constituents could be compacted, the result
category would just be the same as the compacted category. But since the the domain that
results from partial compaction must be referencable from order constraints st have

a way to respond to descriptions; this is accomplished through the result category.

Rules (3) and (4) illustrate these possibilities:

(3) S-S, Con?, S*;1<2,2<3; (1], [, S). (3], 1. S)
(4) VP - V1, NP2, NP3 ;: (1, 2], ], VP)

In (3), each of thé& categories forms its own domain; in (4), thieand the initialNP form
a domain namelf P to the exclusion of the secomdP.

2.2 Grammar Examples

The grammar in (5) puts the pieces that have been presented together and illustrates how
they work together.

(5) a) root(A, [B< D])
b) A— B, C?;:(2],[B < D], C)
c) B— F, G2
d) C— D!, E2

(5a) is the root declaration, stating that any input string must ultimately parsefasuah
giving the order constraints that hold in the root domain. (5b) is a grammar rule stating
that anA may immediately dominate B and aC in either order; it further states that the

C forms a domain within which the constraint8D holds. (5¢) and (5d) give rules f&
andC, respectively.

This grammar also illustrates théfect of isolation on constraint application: the string
FDEG (with parse tree (6)) is allowed by the grammar.

“Thus while normal compaction has theet of removing elements from higher order constraints’ grasp, so to
speak, partial compaction does nffieat the accessibility of the non-compacted elements.



(6) A
j])/ i
F D E G
There are two non-lexical domains in this tree: the root level contai@irig, andG, and
the inner domain containin andE. In each of these, the constraint<BD is vacuously
obeyed. Thus the string is licensed by this grammar, even though on the surface, the input

material dominated b8 does not precede that dominated DyDomain formation can
therefore be seen as a ‘barrier’ to LP application.

As a second example, note that any context-free grammar can be encoded in this format.
For example, the context-free rule in (7) carries the immediate dominance and precedence
relations made explicit in (8).

(7) S— NomV Acc
(8) S— VI, Non?, Acc®; 2 < 1, 1< 3;([1], [I, V), (2], [, Nom), {[3], [], Acc)

In GIDLP terms, a context-free grammar rule implicitly requires that each element of the
RHS immediately precede the next, and that each constituent be a contiguous portion of
the input string.

3 Parser Architecture

Now that the GIDLP grammar format has been completely presented, the paper can address
some core concepts behind the parsing mechanism.

Traditional approaches to parsing with discontinuous constituents follow the generate-and-
test model. Reape (1991a), for instance, presents as a baseline an algorithm which gen-
erates all possible permutations of the input string and tests to see which are licensed by
a context-free grammar. Similarly, one can take a grammar licensing discontinuous con-
stituents and write out the discontinuity. All non-domain introducing rules must be folded
into the domain-introducing rules, and then each permutation of a freely-orderable RHS
must become a fixed-order rule on its own. With a phrase-structure parser that combines
a context-free backbone with a relational constraint system, the equivalent approach is to
model order domains as a feature like any other, writing relations to express the word order
requirements. In such a setup, the parser only checks that every part of the input string is
actually part of the order domain of the root.

All of these approaches have some sort of permutative aspect to them and are therefore
factorial in the worst cas&. As a result, this paper approaches the task fromffereint
viewpoint: how can a context-free parsing algorithm be adapted to handle GIDLP gram-
mars? In this case, Earley’s algorithm (Earley 1970) provides a starting point.

81t should certainly be acknowledged that various researchers have worked on making this kind of approach as
efficient as possible — see, e.g. (Kasper et al. 1998). A similar approach from the viewpoint of generation (i.e.
constrained permutation) can be found in the literature on ‘Shake and Bake’ machine translation (see (Brew
1992) and references cited therein).



3.1 Earley’salgorithm

In general terms, Earley’s algorithm is a memoizing algorithm for context-free pafsing.
As with any parsing algorithm, the problem is to take a grammar and an input string and
determine whether the grammar in question licenses the input string, or in other words,
whether a series of context-free rewriting steps could transform the start symbol of the
grammar into the input strinf’

The operation of the algorithm description centers around two operations. In the first step,
hypotheses are formed describing the potential expansions of the current target symbol;
this process is referred to peediction. The second step combines information describing
the location of a subconstituent into an earlier hypothesis for the dominating constituent,
producing either a more specific hypothesis or a well-formed substring; this is referred to
ascompletion.

In traditional terms, the hypotheses are calietive edges. They describe the potential for

a category to be found covering a span that includes a given location and state the additional
evidence that will be needed to confirm this hypothesis: the location aftare element

and the remaining RHS categories. Active edges are created as the result of a prediction
step, and their RHSs grow smaller after each completion step. Once the RHS of an active
edge is empty, the edge is referred to gmssive edge, as it now encodes the information

that a category has definitely been found at a certain location in the input; the passive edge
is said to ‘provide’ that category. Not all passive edges arise from completions, however;
the termlexical edges is used to refer to those passive edges that map lexical items in the
input string to preterminal categories.

Early work on parsing (Younger 1967; Kasami and Torii 1969) made use of the notion of a
well-formed substring table: a data structure containing those passive edges that had been
found at any given point. Earley’s algorithm extends this concept by storing both passive
and active edges in a data structure known aactite chart.

The parse begins by predicting the root symbol of the grammar. Each time an edge is added
to the chart, the parser responds by triggering further prediction and completion steps. Once
the chart has finished responding to the initial prediction and its consequences, every edge
in the chart spanning the entire input string whose LHS is the root symbol indicates a
successful recognition.

As a result, the edges in the chart at the end of the parse can be arranged into a tree, with
each edge having the active edge that created it as its parent. Each leaf in this tree represents
an edge for which prediction and completion yielded no new edges. Thus all optimizations
will take two forms: reducing the amount offert needed to compute a newly-predicted

or completed edge, and finding ways to make the search tree smaller. If an edge can be
identified for which no children will ever contribute to a successful parse, preventing that
edge from being added to the chart will prune that entire branch of the tree, leading to
potentially considerable savings.

9 The notion of a chart parser, introduced in (Kay 1980), postdates Earley’s algorithm. The algorithm is explained
here in chart parsing terms (rather than Earley’s original terminology) to aid tranparency.
10The remaining part of the parsing process deals with building the corresponding parse trees; this paper does not
address this aspect of parsing.



3.2 Modifying Earley’s Algorithm

Before proceeding to the details of the GIDLP parsing algorithm, it is important to high-
light two ways in which the GIDLP parserftirs at a high level from Earley’s original
formulation.

In Earley’s original algorithm, a third operatiorseanning — is used to insert lexical edges

into the chart when the active category is a terminal. The parser described here seeds
the chart with all of the lexical edges before the parse begins (so that only those lexi-
cal rules are predicted whose lexical items appear in the input string). This is done to
strengthen the bottom-up component, which is important considering the overall goal of
parsing linearization-based HPSG grammars, where much of the information guiding pars-
ing originates in the lexicon. Together with the ability (discussed in section 4.2.1) to de-
termine the order in which the righthand side categories of a rule are predicted, this allows
the grammar writer to, for example, specify a head-corner processing strategy.

A similar modification concerns the triggering of prediction and completion steps. In Ear-
ley’s algorithm, a completion step is triggered each time a passive edge is added to the
chart: all active edges seeking the category provided by the newly-added edge are com-
pleted with that edge. Likewise, a prediction step is triggered each time an active edge is
added to the chart, creating a new edge for each grammar rule that can generate the edge’s
active category.

With the GIDLP parsing algorithm, however, completion must occur whenever an edge

is added to the chart, regardless of whether the entered edge is active or passive. This
occurs as a result of the non-linearity of GIDLP parsing — because context-free parsing
effectively proceeds from left to right, Earley can assume that all possible active edges that
will need a given category will be present when the passive edge is added to the chart. In
GIDLP parsing, however, that assumption is invalid — an individual rule need not impose
any particular order on its components, and even if it does, that order is by no means
guaranteed to be compatible with the ordering imposed by any other rule. It is still the
case, however, that active edges are only completed with passive edges, and passive edges
only with active edges.

3.3 From CFG parsingto GIDLP parsing

In the abstract form presented above, the algorithm can be applied to both context-free
and GIDLP grammars. To turn it into a concrete algorithm, two things must be addressed:
how the coverage of an edge is encoded, and how it is determined that two edges are
compatible.

For the ordinary context-free grammar case, the answers were provided by Earley (1970).
Edges have the formfA — « & g], which indicates a parse state in which the string from

i to j is covered byr and anA will have been found iB is found immediately following

j. In a passive edgg,is empty. An active edge, on the other hand, has a nonesyie

initial element of which is the active element, withhe active position. Newly-predicted
edges are of the fornfjA — e; B], wherei is the active position of the edge triggering
prediction. A passive edgg¢C — y e ] is compatible with an active edgpA — « ¢ Bf]

whenj = kandC = B; the new edggA — aB e g] covers the string fromto .

For GIDLP grammars, a discussion of edge coverage and edge compatibility must start
by describing the data structure used to encode the coverage of an edge in light of the
possibility of discontinuous constituents.



3.3.1 Efficient edge coverage encoding

The single interval formed biyand j that was used to encode the coverage of the edges in
the context-free case is notfBaient to model edge coverage in a grammar that licenses
discontinuous constituents, as each edge may potentially be covered by a discontinuous
subset of the string. Johnson (1985) showed that this issue can be addressed by generalizing
from single intervals tdists of intervals. for example, [1-3, 5] represents an edge that
covers the first, second, third, and fifth words of the input.

As Johnson (1985) pointed out, such lists of intervals are conceptually equivalbéves

tors — finite lists where each position holds a bit indicating whether the corresponding
string position is included. Reape (1991a), in an early paper on discontinuous parsing, uses
prolog lists to encode bitvectors, so that each position may be either ‘true’, ‘false’, or an
anonymous prolog variable. As is known from other applications, bitvectors can also be
encoded as integers by representing them as binary nurhbeiig the least-significant

bit of the number corresponding to the leftmost word in the input string. (Note that this
representation can be confusing at first, as the leftmost word in the string is represented by
the rightmost digit in the standard representation of the vector’s corresponding number.)

The merits of each style of representation can best be determined by considering a set of
relevant bitvector operations necessary for GIDLP parsing; these are given in the table that
follows. Here x andy are bitvectorsp is a 0-based position inde’,andanp, or, xor, and

~or are the ordinary bitwise operators. A position set to 1 is referred doaspied instead

of the more common terractive, which is avoided here in order to prevent confusion with

the use of ‘active’ in the terms ‘active category’ and ‘active edge’. In the examples, the
bitvectors are assumed to be five digits long.

o sINGLETON(p): Gives the bitvector in which onlyp is occupied.
Computed as2
Example: singleton(1) is 00010.

e overLAP(X, Y): Is there any position occupied in batrandy?
Computed aann(x,y) # 0
Example: 10111 and 01010 have a bitwis®-of 00010, and therefore overlap.

e comBINE(X, Y): Gives the union ok andy.
Computed asr(X, y)
Example: 10110 and 01010 combine to form 11110.

¢ rBOUND(X): Most-significant occupied bit in.
Computed as$log,(X)]
Example: the right bound of 01010 is 3, whicH 832].

e LBoUND(X): Least-significant occupied bit x
Computed agBounp(xor(X, X — 1))
Example: the left bound of 01010 is 1, which is the right bound of 06911
xor(01010, 01001).

11 For example, Davis (2002) mentions the use of integer representations of bit-vectors in the context of ma-
chine translation, and some of the inspiration for the bitvector computations below stems from bitboard-based
computer chess discussions xst . games . chess.

12The term 0-based (in contrast with 1-based), frequently used in computer science literature, means that the first
element of the list is assigned position 0.



o preFIX(P): Gives the bitvector covering all positiogsp.
Computedas?! -1
Example:prerix(3) is 01111 (15).

o surrix(p): Gives the bitvector covering all positiogsp.
Computed asor(2* — 1)
Example:surrix(3) isnor(00111)= 11000.

o pRECEDE(X, Y): Doesx completely precedg (wherex andy are assumed not to
overlap)?
Equivalent tox <y
Example: 00011 (3) precedes 01100 (12).

o PRECEDE(X, Y): Doesx immediately precedg (wherex andy are assumed not to
overlap)?
Equivalent torBounp(X) = LBouND(Y) — 1
Example: the right bound of 00011 is 1, and the left bound of 01100 is 2, so 00011
immediately precedes 01100.

e 1soLaTteD(X): Doesx form a continuous unit?
Equivalent tox = aNp(PREFIX(RBOUND(X)), SUFFIX (LBOUND(X)))
Example: With the vector 01104yxp(01111,11111) is 01114 01101, so 01101 is
not isolated.

The primary advantage of lists of intervals is constant-time checking for isolation: if the
cardinality of the list of intervals is one, the edge is isolated. On the other hand, all of the
other operations needed to retrieve and use edges in parsing, sneRias andcoMBINE,

are linear in the length of the lists of intervals (which, in the worst case, ofibrgifrom the

length of the input string by a constant multiple). Reape cites the flexibility of the list-based
representation (i.e. the possibility to mark a position as unknown by using an anonymous
variable) as an advantage of that method of representation, but the list representation incurs
the same #iciency penalty as the lists of intervals representation.

In contrast, with an integer representation all necessary bitvector operations can be com-
puted as numeric expressions that require time proportional to a logarithm of the length of
the input string (where the base of the logarithm is the word size of the executing processor;
the exact details depend on the interaction between the processor and the language support
for large integers, sometimes referred to as ‘bignums’). In the linearization parsing litera-
ture, Ramsay (1999) seems to be the only one to explore this possibility, giving definitions

of overLap andcomeine and an alternative way of computingrAtep.

3.3.2 Bitmasks as Compiled Order Constraints

The strategy for prediction used by Suhre (1999) is to predict every rule at every position.
While this strategy ensures that no possibility is overlooked, it fails to integrate and use the
information provided by the word order constraints attached to the rules — in other words,
the parser receives no top-down guidance. Some of the edges generated by prediction
therefore fall prey to the word order constraints later, in a generate-and-test fashion. This
need not be the case. Once a daughter of an active edge has been found, the other daughters
should only be predicted to occur in string positions which are compatible with the word
order constraints of the active edge. For example, consider the edge in (9).

(99 A->BleC?;1<2

10



Recall that this notation represents the point in the parse during which the application of
this rule has been predicted, an® das already been located. Assuming tBdtas been
found to cover the third position of a five-word string, two facts are known. From the order
constraintC cannot precedB, and from the general principle that a category may only be
dominated by one mother constitue@itcannot overlaB. ThusC cannot cover positions

one, two, or three.

A central insight of this algorithm is that the same data structure used to describe the cov-
erage of an edge can additionally encode these kinds of restrictions on the parser’s search.
This is done by adding two additional bitvectors to each edgeegative mask (n-mask)

and apositive mask (p-mask).

Negative Masks. The n-mask constrains the set of possible coverage vectors which could
complete the edge. The 1-positions in a masking vector represent the positions that are
masked out: the positions that cannot be filled when completing this edge. The 0-positions
in the negative mask represent positions that may potentially be part of the edge’s coverage.
For the example above, the coverage vector for the edge is 00100 since only the third word
B has been found so far. Assuming no restrictions from a higher rule in the same domain,
the n-mask fo€C is 00111, encoding the fact that the final coverage vector of the edge for
must be either 01000, 10000, or 11000 (tha€isnust occupy position four, position five,

or both of these positions). The negative mask in essence encodes information on where
the active category cannot be found.

Positive Masks. The p-mask encodes information about the positions the active category
must occupy. This knowledge arises from immediate precedence constraints. For example,
consider the edge in (10).

(10) D> E'eF?; 1«2

If E occupies position one, thdhmust at least occupy position two; the second position
in the positive mask would therefore be occupied.

3.4 TheDot

It should be observed at this point that this parser retains the notion of a single active
element per edge, even though any of the RHS categories might occur leftmost in the input
string; this is in contrast to Suhre (1999), who essentially follows the dirgtHParsing
tradition (see (Volk 1996) and references cited therein).

Recall that the dot in Earley’s original parser serves two purposes: (1) it indicates the
portion of thestring that has already been incorporated into chart edges; and (2) it distin-
guishes theategoriesthat have been found from those that are left, highlighting the active
category as the category to next be located. In this generalization of Earley’s algorithm, the
first purpose is served by the coverage vector; thus the dot only has the second purpose.

Conceptually, using a single dot isfBuaient, as for an edge to be completed, every element

on the righthand side has to be found at some point. Thus a GIDLP parser is free to use the
RHS order for other purposes. This parser described here uses the RHS order to determine
the order in which the righthand side categories are predicted. As a result, the grammar
writer can use the order to specify those daughters to be searched first which are most
likely to cause an early failure. For example, a rule introducing a conjunction of sentences
can be specified as (11).

11



(11) S» Conit, ,S*;2 <« 1,1« 3;(2], [, S). (3. [I. S

This causes the parser to look for the easy-to-identify conjunction before it tries to find the
potentially-complex conjunct sentences.

One might object that it is unreasonable to expect a grammar writer to take processing con-
siderations into account. It must be observed, however, that the RHS order has no impact
on the correctness of the resulting parse. Much of the work of finding the optimal ordering
for the categories in a rule could be accomplished either at compile time by heuristics of
varying complexity or by hand as the grammar is written. For the grammars presented in
this paper, two heuristics were followed: categories should be ordered by the number of
times each is mentioned in an order constraint in that rule, and exclusively pre-terminal
categories should be ordered before other categories. Both of these considerations lead to
ordering theConj element first in (11).

3.5 Domainsin Earley’s Algorithm

One of the primary advantages of a chart parser like Earley’s algorithm is the fact that
passive edges need only be constructed once; if a given passive edge doesn’t immediately
trigger a completion, it remains in the chart to be picked up during future completions. As

a result, it won't always be the case that the parser knows what domain a given passive
edge will be used in. Consider the grammar in (12):

(12) a) root(A, [
by A-B,C?;1<2
c) B— D!
d) C— D*;;([1], [E < F], D)
e) D EL P

This grammar accepts the string§EF and FEEF and rejects the stringeFFE and

FEFE. Consider the parse of the strif(EFE. Given rule (12e), the last two symbols

of the string constitute ®. By rule (12c¢), thisD is also aB. It is not, however, &: rule

(12d) states thafs dominate contiguous sections of the input within whictiallprecede

all Fs. As presented so far, a passive edge stores relatively little information: a category
label and a bitvector representing the edge’s coverage. In the example above, the passive
edge would simply say that@ has a coverage of 1100. It is impossible to tell from this
alone whether such@ would be an acceptab(@ or not.

The parser could simply store each edge’s parse tree (leaving out daughters of compacted
constituents) and examine that tree each time a new domain constraint becomes relevant
(as in the example above). This is flieient in general, though — the parse tree of a given
edge might turn out to be arbitrarily deep.

Instead, the parser uses the notiordofmant (contrasted withactive) order constraints.
When the grammar is compiled, all domain-local LP constraints (that is, those not intro-
duced on individual rules) are added as dormant constraints in every other domain (as
long as both components are reachable within that domain; see section 4.5). A dormant
constraint is still tracked and updated (as described in section 4.3.1) as normal, with the
exception that a constraint violation does not prevent an edge from being created (as a vio-
lation in an active constraint does). Instead, it merely reduces the number of domains that
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the edge could be completed into in the future. When a domain-introducing rule is pre-
dicted from a mother edge, if any of the dormant constraints for that domain had already
been violated on that edge, that prediction will not create any new edges.

In essence, the set of dormant constraints can be seen as a ‘distilled’ version of the edge’s
parse tree: the minimal amount of information needed to determine future domain mem-
berships.

3.6 Non-overlapping bitvector generation

An important aspect of the parsing algorithm requires the generation of all bitvectors that
do not overlap with a given bitvector. This is done in a memoizing fashion: each time a new
list of vectors is requested, the parser checks to see if that list has already been created.

If not, the task is as follows: for a given bitvector, there will be a certain number of un-
occupied positions, dnoles. Each of the holes could be either filled or empty in a non-
overlapping bitvector. In contrast, each occupied position in the bitvector cannot be occu-
pied in a non-overlapping bitvector. Thus each subset of the holes in the original bitvector
corresponds to one of the non-overlapping bitvectors.

The parser generates these bitvectors in a Gray code order: an order of the binary numbers
in which only one digit changes at each step. Since only one position changes at a time,
the full list of potential subsets is generated in #icent manner3

The procedure, then, for generating non-overlapping bitvectors is as follows. Consider the
target bitvector and calculate the mapping between holes and bitvector positions, counting
the number of holes in the process. Then generate the Gray code instructions (a list of posi-
tions to successively toggle) for that length, and use the hole:position mapping to translate
these instructions into actual bitvector positions.

For example, take the vector 010100. Since the holes in this vector occur in the first, second,
fourth, and sixth positions, the hole:position mapping is 0:0, 1:1, 2:3, 3:5 (in other words,
hole 0 is at position 0, hole 1 is at position 1, etc.). There are four holes in total; the Grey
code instructions oninput4 are (0,1,0,2,0,1,0,3,0,1,0, 2,0, 1, 0) (in other words, first
toggle hole 0, then hole 1, then hole 0 again, and so on). Using the hole:position mapping,
the list of instructions becomes (0, 1, 0, 3,0, 1,0, 5,0, 1, 0, 3, 0, 1, 0). From this list,
the set of non-overlapping bitvectors can be generated: starting with the bitvector 000000,
the parser toggles the positions in the list one at a time. This process is illustrated in the
diagram in Figure 2, where the underlined position is the one that’s about to be tddgled.

3.7 Bitvector hashing

Because the number of such bitvectors grows exponentially with the length of the bitvector,
there is a need to ensure that the generation procedure is constrained. This is done by
working with bitvector hashes. smaller bitvectors such that,af is the hash o andb’ is

the hash ob, a’ overlaps withb’ only if a overlaps withb.

13 A full discussion of the motivation and algorithms for Gray code generation can be found in Knuth (2002); my
implementation of the parser adopts Algorithm L from that source to generate the Gray code.

14|f the pattern of dashes looks familiar, note that it's the solution to the Towers of Hanoi with four discs, where
the rule that only one disc may move at a time corresponds to the constraint that only one bit flips at a time.
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543210

010100

0 00— 000000
0 0L — 000001
0 11— 000011
0 10— 000010
1 10— 001010
1 11 — 001011
1 01— 001001
1 00— 001000
1 00— 101000
1 0L — 101001
1 11— 101011
1 10— 101010
0 10— 100010
0 11— 100011
0 01— 100001
0 00— 100000

PRPRRPRPRPPRPRPRPROOO0ODODOOCOO

Figure 2: Non-overlapping vector generation

The parser indexes all edges by the hash of their n-mask. When attempting to complete an
edge, the parser retrieves all edges with non-overlapping hashes. For each edge so retrieved,
its actual n-mask is tested for overlap with the edge triggering completion.

The hash function is as follows. Given an input veatgr; Vs . . . vi_1 and a target lengtim,
the hashed vectdigh; .. . hy1 is desired. First compute the group widtk: [x/m]. Then
the hashed vector is described by
m+(r-1)
Nm-1)-n = /\ Vi
I=rn

as0<n<m

For example, the computation of the 8-digit hash of 00111101111000010100 is given in
3).

00111101111000010166 0
00111101111000010 — 00
00111101111000  — 000

00111101111 — 0001
00111101 — 00010
00111 — 000101
00 — 0001010
— 00010100

Figure 3: Example of hash calculation

In summary, the use of bitvector hashes allows the parser to replace the process on the left
with that on the right in the table below.
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Step | Without hashes With hashes

1 Compute the bitvector hash.

2 Generate all bitvectors that Generate all bitvectors that do
do not overlap the target’'s not overlap the target’s hash.
n-mask.

3 Retrieve all such edges. Retrieve all such edges.

4 See if each edge found actu-
ally overlaps with the target.

5 Test each edge found for Test each remaining edge for
compatibility. compatibility.

While step 3 returns more edges in the procedure on the right than in that on the left, step
2 is much simpler on the right than on the left. THEeet of the latter far outweighs that of
the former in practice, resulting in a net gain.

4 The GIDLP parsing algorithm

Now that the building blocks have been presented, the algorithm for parsing GIDLP gram-
mars can now be given in full. This chapter presents the complete algorithm; chapter 5 will
provide two example parses illustrating the steps shown below.

4.1 Initialization

The chart is seeded with passive edges corresponding to each word in the input. The parse
then begins by predicting an isolated instance of the start symbol covering the entire input;
each final completion of this edge will correspond to a successful parse.

4.2 Prediction

Recall that prediction takes an active edge seeking its active category and produces a new
edge that will provide that category if successfully completed. The parser considers each
rule in the grammar that provides the symbol being predicted, and for each rule, it generates
the masks for the new edge, taking both rule-based and domain-based order constraints into
account (as described in section 4.2.1). The resulting masks are checked to ensure that there
is enough space in the resulting mask for the minimum number of categories required by
the rule!®

4.2.1 Mask Computation

To compute the new masks, the parser examines each order constraint in turn for references
to the category currently being predicted. Each references provides a component of the final
mask, as indicated below:

15 Note that this optimization assumes epsilon rules are absent from the grammar.
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| n-mask component p-mask component
Cat< Loc | surrix(LBounp(C))
Loc < Cat | prerix(rRBoUND(C))
Cat< Loc | surrix(LBounp(C))  sINGLETON(LBOUND(C) - 1)
Loc « Cat | prerix(rRBOUND(C))  SINGLETON(RBOUND(C) + 1)

Here, Cat refers to the category being predicted (in the form of either a description or a
token), and Loc refers to the location of an already-located category. (Thus constraints
that do not mention the category being predicted and constraints that do not refer to any
already-located categories are irrelevant for prediction.)

Each constraint in turn is checked to see which (if any) of these patterns it matches, and the
relevant mask components are calculated. At the end, all n-mask componeiotseaxed,
as are all p-mask components: these are the new masks.

For example, if the parser is predictingrb as token 2, it would respond to some sample
constraints as follows:

n-mask component p-mask component
00010< verb | 00011

3 < verb
2 < 01000 11000 00100
result 11011 00100

For the first constraint, the parser sees that categories matching the deseggtiomust

follow the position 00010, generating the negative mask component 00011. The second
constraint doesn’t contribute anything, as it does not refer to any as-yet determined loca-
tions. The third constraint requires category number 2 to immediately precede the position
01000. This generates both a negative mask component (11000), which encodes the fact
that the category cannot follow the position given, and a positive mask component (00100),
which encodes the fact that the category must include the third position.

Once the new masks have been calculated, the parser ensures that an edge is only entered
into the chart if the n-mask has enough space for the rule being considered. For instance,
a rule like (13) cannot apply within a mask that has only one unoccupied position, so such
an edge would be blocked from entering the chart at this point.

(13) A— B, C?

If it passes this check, the newly-predicted edge is entered into the chart with an empty cov-
erage vector; as usual, the chart will respond to this by applying completion and prediction
to this edge.

4.3 Completion

Recall that completion is the process of combining a compatible pair of active and passive
edges to produce a new edge. The parser considers each edge compatible with the edge
that triggered completion. For each such edge, the parser constructs the LP statements for
the new edge (as described in section 4.3.1), the new n-mask, and the new coverage vector.
If this was a final completion (the resulting edge is passive), the parser must additionally
check to see that the p-mask was respected.
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Edges are indexed by their n-mask hash and active element, so the parséictemtlg

retrieve only those edges which are likely to yield successful completions. In particular, the
parser takes the n-mask hash of the triggering edge and generates a set of non-overlapping
bitvectors. All edges having such a bitvector as their n-mask hash are then examined to see
if they are category-compatible, and then if their actual n-masks are non-overlapping.

4.3.1 Order Constraint Updating

For each edge retrieved, the parser must update the word order constraints of the active edge
with the coverage of the passive edge. As edges are initially constructed from grammar
rules, all order constraints are initially expressed in terms of either descriptions or tokens.
As the parse proceeds, these constraints are updated in terms of the actual locations where
matching constituents have been found. For example, a constraintdike(vhere 1 and 2

are tokens) can be updated with the information that the constituent corresponding to token
1 has been found as the first word, i.e. as position 00001.

Activating dormant constraints. Before this can be done, however, the parser must first
check to see if any dormant constraints on the passive edge need to be activated, based on
the active edge’s domain. The first step of this process is to find the domain that the passive
edge is being completed into. If the active element of the active edge is referred to in an
isolation statement, then that domain is the relevant one. Otherwise, the passive edge is
assumed to be completed into the active edge’s own domain. Once the relevant domain has
been determined, the constraints for that domain will be either active or dormant on the
passive edge. If dormant, they must be merged with the active edge’s active constraints; all
other dormant constraints on the passive edge are merged with the active edge’s dormant
constraints. The procedure for merging constraints will be discussed below.

Updating token-based constraints. Each update step will take one of the following
forms:

e The first time one of the categories mentioned in a precedence constraint has been
found, the constraint is updated as above and tested to see whether there is enough
space for the other category. For example, if, given the constrain®l constituent
2 is found as the first word of the string, the constraint will be impossible to fulfill.

e When the remaining category of a precedence constraint is found, the parser checks
that the constraint actually holds; if it does, then that constraint will not appear as part
of the word order constraint set of the resulting edge. If the constraint is discovered
to have been violated, the completion step aborts and no edge is added to the chart.

Updating and merging description-based constraints. With description-based
constraints, weak and immediate precedence constraints must be handled separately.

In a weak precedence constraint, the parser need only keep track of the most extreme
matching cases (thiontiers), if any. For example, the constraint NP VP needs to

keep track of the rightmostiP and the leftmos¥P seen in the domain so far. As long

as the rightmoshP remains to the left of the leftmo¥tP, the constraint will never cause
completion to fail. Similarly, when merging two weak precedence constraints, the most
extreme version of each frontier is kept.

Immediate precedence constraints, on the other hand, need only keep track of whether zero,
one, or many of each part of the constraint has been seen. The possibilities are as follows:
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B

A< B | Zero One Many
Zero | OK OK OK
A One | OK OKif precedenceis respected Failure
Many | OK Failure Failure

Here, the rows represent the status of the lefthand side of the constraint, and the columns
represent the status of the righthand side; the cells then encode whether that particular
status indicates a constraint violation. For instance, if the parser knows that NAP

in this domain, it is acceptable for there to be sev¥ias, as long as nblPs are present
(since, by definition, a category cannot immediately precede multiple locations).

To summarize, immediate precedence constraint violations can be detected by keeping
count of the occurences of each side of the constraint; the one exception is the situation
represented by the center cell, where each side has been observed once. In this case, the
parser must check whether the locations are properly adjacent.

The corresponding chart for merging two count values is straightforward:

B
A+B | Zero One Many
Zero | Zero One Many
A One| One Many Many
Many | Many Many Many

Final Steps. Once the word order constraints have been successfully updated, the rest of
the new edge is easy to compute: the category of the edge is the category of the active
edge, the missing righthand side is the tail of the active edge’s righthand side, and the
coverage vector is the bitwisa of the two edges’ coverage vectors. Finally, if this was a
final completion (that is, the edge being created is passive), the parser checks to see if the
p-mask was respected: in other words, every occupied bit in the p-mask must be occupied
in the new coverage vector. The resulting edge is then added to the chart and itself triggers
another round of completion and prediction.

4.4 Agendasand the Search Tree

The overall search strategy of the parser is as follows: Seed the chart with passive edges for
each word of the input. Initiate the parse by predicting the root category; each edge added
to the chart triggers further completions and predictions.

In each of these steps, the parser will often have many possibilities to explore. For instance,
there may be many rules in the grammar that provide the root category, or there may be
many compatible edges in the chart to complete with. A recurring concept in parser design
is that of anagenda — a data structure that keeps track of the as-yet unexplored possibilities
at each point and decides which will be explored next. Since the current implementation of
this algorithm is an all-paths parser, the nature of the agenda plays a relatively minor role,
and so Prolog’s call stack implicitly represents the parsing agenda. Thus the consequences
of any choice are explored before alternatives to that choice are explored.
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4.5 Grammar Compilation

As can be seen from the algorithm presented so far, the parser spends a significant time
on keeping track of order constraints. It is therefore desirable to be enable to ensure that
each constraint stored on an edge is one that could potentially be relevant to that edge. This
is accomplished through a compilation phase. This phase, along with allowing grammar
writers to use a more natural input syntax (including, for instance, global order constraints),
ensures that constraints only appear on domains in which both components of the constraint
are reachable (i.e. could potentially appear in that domain). For example, the grammar in
Figure 4 is compiled to that in Figure 5.

a) root(A,[E<B,J<1,J<@G])

b) A — B, C?

c) C-»DYE%LF;(13],[D<J, ExF E<B,J<I,J<G]K)
d E->JF G 1<2

e) E— H, 12

f) F> 3 C;(12,[Ex1,E<B,J<I,J<G],F

Figure 4: The Hects of Grammar Compilation: Before

a) root(A, [E<B,J< G])

b) A — B, C?

c) C—» DY E%LPF;(13],[D<F E<F],K)
dE->I G 1<2

e) E— H, 12

) F->J,C;(12,[Ex1F<I,F<G]P

Figure 5: The Hects of Grammar Compilation: After

The first step in grammar compilation is to compute the reachability of each category and
domain. By definition, the LHS category reaches all non-isolated RHS categories and
everything they reach. This can be calculated through an iterative procedure, as illustrated
in Figure 6 for the grammar in (4).

{B, C} ureach(C)| {B,C,E,J,G}|{B,C, E,H, I}
{E} U reach(E) {E,J,G}I{E,H, I}

{3, G} I {H, 1} {J, G} I{H, 1}

0 0

mTmo >

dom[Q] | {A} U reach(A) {A,B,C,E,J,G}{A,B,CEH,I}
dom[1] | {D, F} ureach(F) | {D, F}
dom[2] | {J,C} ureach(C) | {C,E,J,G}|{J,C,E,H, 1}

Figure 6: Reachability computation

The process starts by calculating the basic reachability for each category (given in the top-
left block of Figure 6). For instance, rule (4f) indicates thateaches nothing, since all
of its RHS categories are referenced in an isolation statement. Since there are two rules
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expandingz, that symbol has a disjunctive reachability: one disjunct for each rule. Finally,
the rules forA and C indicate that each reaches a non-terminal, so their reachabilities
include a transitive component. Once the basic reachabilities have been computed, the
transitive reachabilities are unioned in. The process cycles through each category until
there are no changes, yielding the set of reachabilities on the right.

At this point, the reachability of each domain can be calculated. Each domain reaches
the categories it contains as well as the categories they reach. Since at this point the full
reachability of each category is known, the domain reachabilities can be computed in a
single pass.

Now the information about each domain’s reachability can be used to optimize the place-
ment of the domain-level order constraints. For a constraint to be relevant to a given do-
main, both of its components must be reachable in that domain. In Figure 4, the root
domain contains the constraintd, yetJ andl are never simultaneously reachable in that
domain; as a result, that constraint is absent from the root domain in Figure 5.

5 Sample Parses

Having described the parsing algorithm in general, the paper will now present two concrete
examples: the parser’s actions on a specific grammar and input sentence.

5.1 Relatively-freeword order

This sample parse uses the grammar in (14) and the sentence i (15).

(14) a) root(s, []).
b) s— verb!, non?,acé¢;2<1,3<1
c) s—verb, non?;2<1
d) s—conf, shs;1<«2,2<«x3;(1],1,9, (3], 2,9
e) acc— adj, ac@
f) &9 — nom ‘Nala’ (a proper name)
g) TH — acc ‘city’
h) =g — verb ‘went’
i) I — conj ‘and’
j) Aq<dq — verb ‘spoke’
k) ®fe — adj ‘shining’

(15) M'?HH\ TOH IH AT I T6Y Jdad
shiningNala city went andNala spoke
‘Nala went to the shining city and Nala spoke’

The grammar can be summarized as follows: A sentence may consist of a verb and either
one or two arguments preceding it. A sentence may also consist of a conjunction immedi-
ately between two (conjunct) sentences, each of which forms an isolated domain. Finally,
accusatives may be modified by an adjective which may occur anywhere in a sentence,

16 The example has been tokenized fréfRR. T&T TRATES AT STET
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before or after the accusative it modifies. Note also that the example sentence contains the
discontinuous constituemfRF A ‘shining city’.

Before parsing, the parser seeds the chart with the lexical entries, each covering a singleton
vector.

The parser’s actions at each step are illustrated in the following format: Edge lines begin
with a line number, followed by a description of the step that generated that edge, the
number of the resulting edge, three bitvectors representing the edge’s coverage, n-mask,
and p-mask, the category of the edge, its RHS, and its order constraints. Failure lines (as
number 11 below) only contain a line number and a description of the failure.

For instance, line 1 was created by scanning the input WWT[ The resulting edge,
number 1, covers the leftmost word of the input (0000001); as a consequence, it has that
position blocked in its n-mask, and like all lexical edges, it has an empty p-mask. The
edge provides the categoagj, is passive (since the rhs list is empty), and has no order
constraints.

# || Description | E | Cover [ N-Mask | P-Mask | LHS | RHS
RLPs Isos
1 || scan®=TH | 1 | 0000001| 0000001] 0000000] adj | []
2 ECANW [ 2 [ 0000010 3000010| 0000000] nom | i
3 EcAN:nm{ | 3 [ 0000100 g0001oo| 0000000 acc [ []
4 ECANW [ 4 ] 0001000 3001ooo| 0000000] verb [ ]
5 ECANa | 5 [ 0010000 g01oooo| 0000000] conj [ ]
6 ECANW [ 6 | 0100000 glOOOOO| 0000000] nom | i
7 sEcANarﬁ—c[ | 7 [ 1000000 Eloooooo| 0000000] verb [ ]

In these parse traces, the first row contains the line number of the parsing step and a brief
description of the parser action. This is followed by either the details of the resulting
edge (edge number, coverage vector, n-mask, p-mask, lhs, rhs, rule-based order constraints,
isolation statements) or the reason that no edge was created.

The parse itself begins by predicting the start symbol of the grammarsh&ch of the

rules that can generate this symbol are considered in order. The prediction step adds a
new edge to the chart based on the rule. All edges generated by prediction have coverage
0000000. The n-mask 0000000 is provided by this step’s trigger (here, the dummy edge
0), and the fact that this is a root edge sets its p-mask to 1111111 (since a successful parse
must cover the entire string).

8 || prepsinO [ 8 | 0000000 0000000| 1111111[ s [ [vert,non?,acc]
[c2<cl,c3<cl] 1]
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Since the categoryerb cannot be predicted (no grammar rules prowield), this addition
triggers completion, and the parser begins to look for passive edges provedindere,

edge 4 is the first edge in the chart for which this is the case, so edge 9 is generated by
completing 8 with 4. The dierences between edges 8 and 9 illustrate the process of com-
pletion: verb! has been removed from the list of daughters and the constraitd2has

been updated to c2 p8 (representing the fact that category 1 has been found at position
0001000Q = 840).

9 || compr8, 4 | 9 ] 0001000] 0001000] 1111111] s | [nont,acc]
[c2 < p8,c3< p8]

As before, prediction cannot do anything witbm, so the parser responds to edge 9 with
completion. Here, mom is found covering position 0000010. The constrainkc@8 is
updated to the concrete form p208. Since position 2 does in fact precede position 8, this
constraint will not appear on the new edge.

10 [ comp9,2 [ 10 | 0001010] 0001010] 1111111] s [ [acc]
[c3 < p8]

The active category is noacc; since rule (14e) provides that category, it is used for pre-
diction. From the order information on edge 10, the parser knows thattt@nnot occur

after position 8, nor can it overlap with edge 10’s n-mask of 0001010. These facts combine
to generate an n-mask of 1111010. Since the category being predicted does not participate
in any immediate precedence constraints, its p-mask is empty.

11 || erepaccin10] 11 | 0000000] 1111010] 0000000| acc | [adf,acé]

The parser can now complete edge 11 with the adjective in position 1. Note that by order-
ing the adjective first, the parser will not predict another application of the recursive rule
without first finding an actual adjective to justify the recursion.

12 || comp11,1 [ 12 | 0000001] 1111011] 0000000| acc | [acé]

The active category in this edge is agaag; this time, prediction from rule (14e) fails, as
edge 12’'s n-mask only has one open space.

| 13 ]| prep acc in 12 fails — no room for 2 elements in 1111011 |

Now the accusative noun in position 3 is used for completion. Since the resulting edge is
passive, its n-mask is reset to the edge’s coverage.

14 [ cowr 12,3 | 13 | 0000101] 0000101] 0000000] acc | [I

At this point, the parser can now try to complete edge 10 with the two-word accusative
noun phrase. This fails because the resulting passive edge does not respect its p-mask. In
effect, it claims to have satisfied the root symbol of the grammar, but fails to cover the
entire string.
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| 15 || comp 10, 13 fails — p-mask 1111114 0001111. |

The parser’s options for completing with edge 13 are now exhausted, and since edge 13
is passive, it cannot trigger prediction. As a result, the parser backtracks to the last point
where it had unfinished business; in this case, now that it has finished predicting from edge
10, it can attempt to complete with edge 10. This edgeshass its active category, which

edge 3 provides. The parser therefore attempts to complete edge 10 and edge 3; this attempt
also fails to pass the p-mask test.

[ 16 [[ comr 10, 3 fails — p-mask 1111114 0001110. |

The parser now reverts to the task of finding the verb in edge 8, choosing to complete with
the word in final position. From now on, only steps introducing new aspects of the parser
will be annotated.

17 || comr 8,7 [ 14 | 1000000 1000000| 1111111[ s [ [non?,acc]
[c2 < p64,c3< pb4]

18 || comp 14,2 [ 15 | 1000010| 1000010| 1111111] s [ [acc]
[c3 < p64]

19 || erepaccin15] 16 | 0000000| 1000010] 0000000| acc | [adf,acé]

I
20 || comp16,1 | 17 [ 0000001 1000011] 0000000 acc | [acé]

I I
21 |[ rrepaccin17] 18 | 0000000| 1000011] 0000000] acc | [adf,acd]

I

At this point, the completion of edge 17 and edge 3 succeeds, but the result is already in
the chart. The parser acknowledges this, and no new steps are triggered as a result.

22 || comp 17, 3is already in the chart as edge 13

23 || cowp 15, 13 fails — p-mask 1111114 1000111.

24 || cowp 15, 3 fails — p-mask 1111114 1000110.

25 || comp14,6 | 19 [ 1100000| 1100000] 1111111] s | [acC]

[c3 < p64] 1

26 || prepaccin19] 20 [ 0000000| 1100000] 0000000] acc | [ad},acé]
I

27 || comp20,1 ] 21 [ 0000001 1100001] 0000000 acc | [acé]

I

28 |[ prepaccin21]| 22 | 0000000| 1100001] 0000000] acc | [ad},acc]
I

29 || comp 21, 3 is already in the chart as edge 13

30 || cowp 19, 13 fails — p-mask 1111114 1100101.

31 || comp 19, 3 fails — p-mask 1111114 1100100.

Here, the parser has finally returned to the point where it originally chose a rule from the
grammar with which to predict the start symbol, and now turns to the second rule that
generates.
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32 | repsin0 [ 23 [ 0000000] 0000000] 1111111] s [ [vert,non?]
[c2 < c1] 1]

33 || comp23,4 [ 24 [ 0001000 0001000] 1111111] s [ [nonf]
[c2 < p8]

34 || comp 24, 2 fails — p-mask 1111114 0001010.

35 |[ cowp23,7 ] 25 [ 1000000] 1000000] 1111111] s | [nonf]
[c2 < p64]

36 || comp 25, 2 fails — p-mask 1111114 1000010.

37 || comp 25, 6 fails — p-mask 1111114 1100000.

38 || repsin0 [ 26 | 0000000] 0000000] 1111111] s [ [conf.s'sT]
[cl < c2,c2« c3] [s:[1]:1,s:[3]:2]

39 |[ cowp26,5 [ 27 [ 0010000| 0010000] 1111111] s [ [$'S]
[cl <« pl6,pl6« c3] [s:[1]:1,s:[3]:2]

40 || prepsin27 | 28 [ 0000000| 1110000] 0001000] s | [verl¥,non?,acc]
[c2<cl,c3<cl] 1]

41 |[ comp 28,4 | 29 [ 0001000| 1111000] 0001000] s | [non?,acc]
[c2 < p8,c3< p8]

42 |[ comp29,2 | 30 [ 0001010 1111010] 0001000] s | [acC]
[c3 < p8]

43 || erep acc in 30 is already in the chart as edge 11

44 [ cowr 30,13 | 31 [ 0001111] 0001111] 0000000 s [ I

I

45 |[ comp 27,31 | 32 [ 0011111 0011111] 1111111] s | [S]

[p16 <« c3] [s:[3]:2]

By line 46, one of the conjuncts has been found. Since only two positions are left uncov-
ered, the remaining conjunct must fit in two positions.

46 || prep sin 32 fails — no room for 3 elements in 0011111

47 |[ prepsin32 | 33 [ 0000000| 0011111] 0100000] s | [verl,non?]
[c2<c]] I

48 || cowp33,7 [ 34 ] 1000000| 1011111] 0100000] s [ [nonf]
[c2 < p64]

49 |[ comp34,6 | 35 [ 1100000| 1100000 0000000] s | ]

I
50 [[ comp32,35 | 36 | 1111111] 1111111 0000000] s [ ]
I

51 || prep s in 32 fails — no room for 3 elements in 0011111

52 || comp30,3 | 37 [ 0001110 0001110] 0000000] s | ]
I I

53 || comp 27,37 ]38 [ 0011110] 0011110] 1111111] s | [S]
[p16 <« c3] [s:[3]:2]

54 || prep s in 38 fails — no room for 3 elements in 0011111

55 || prep sin 38 is already in the chart as edge 33

56 || prep s in 38 fails — no room for 3 elements in 0011111

57 || cowp 38, 35 fails — p-mask 1111114 1111110.

58 || prepsin27 ] 39 [ 0000000] 1110000] 0001000] s [ [vert,non?]
[c2 < c1]

59 || comp39,4 [ 40 | 0001000| 1111000] 0001000] s [ [nont]
[c2 < p8] I
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60

comp 40,2 [ 41 | 0001010] 0001010] 0000000] s [ I

Here, an attempt to treat the second and fourth words as a conjunct fails from a lack of

continuity.
61 || comp 27, 41 fails — 0001010 is not contiguous
62 || prepsin27 | 42 [ 0000000] 1110000] 0001000] s [ [conf,s',sT]
[cl <« c2,c2« c3] [s:[1]:1,s:[3]:2]
63 || success: 36

The overall search tree for this parse is givenin (7). In this diagram, nodes are given in the
formatxi, wherex indicates either (c)ompletion or (p)rediction aini$ the edge created.

The boldface node indicates the edge corresponding to a successful parse; it36abel
indicates that it corresponds to edge 36, which was created by a completion step.

/p( fogt\pfe
CCO c C19 fﬂ 28/ 39 p42
. MA\ 74 U

ok ok °‘1“

Figure 7: Parser’s search tree

5.2 Domains and Dormant Constraints

This sample parse uses the grammar in (16) and the input seffiegefid.

(16)

a) root(a, [g« ¢, d < X]).
b) a-» b, ¢g*;1<2
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c) b—d!
d) c— ht, d?i®;; (2], [e < f], d), ([1,3], [ < i], x)
e) d— el 2

This grammar has been written to exercise the domain-level constraint handling abilities
of the parser; it is a more complicated version of (12). Most importantly, the partial com-
paction in (16d) will require a constraint merger.

As before, the parse starts with a set of lexical edges.

# || Descripton | E [ Cover | N-Mask [ P-Mask | LHS | RHS

RLPs DLPs
MLPs Isos

1 [ scan () | 1 [0000001] 0000001] 0000000] f T
I I
I I

2 [[ scan(e) | 2 [ 0000010 0000010] 0000000 e [ I
I I
I I

3 || scan (9) | 3 [ 0000100| 0000100 0000000] g | I
I I
I I

4 || scan (e) | 4 [0001000] 0001000] 0000000] e | ]
I I
I I

5 || scan (f) | 5 [ 0010000| 0010000 0000000] f | ]
I I
I I

6 || scan (h) | 6 [ 0100000| 0100000 0000000] h | ]
I I
I I

7 |[ scan (i) | 7 [ 1000000 1000000] 0000000] i [0
I I
I I

The parser begins by predicting the start symbol. Note that in addition to the information
presented in the last example, there are (active) domain constraints (DLPs) and dormant
constraints (MLPs) on each edge. Since the root is always part of domain 0, the constraints
for domain 0 are active and those for domains 1 and 2 are dormant. All order constraints
initially start with frontier labels (indicating zero instances seen).

8 || prREDAINO | 8 | 0000000 OOOOOOO| 1111111| a | b, &, &
[cl<c2] [0—-[g:z <« ¢z, d:z< x:Z]]
[1-[eiz< fiz], 2—>[h:iz < i:Z]] 1]

Predicting from edge 8 does not open a new domain, so the active and dormant domain
constraints are simply inherited from the mother edge.
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9 || erepbin8 [ 9 | 0000000 0000000] 0000000] b [ [df]

1] [0-]g:z < ciz, d:z< x:2]]

[1-[eiz< fiz], 2—>[h:iz < i:Z]] 1]

10 || rrepdin9 [ 10 | 0000000 0000000] 0000000 d [ [€, ]
[0-]g:z < ciz, d:z< x:z]]

[1-[eiz< fiz], 2—[h:iz < i:Z]] 1]

Completing a category, the order constraints are updated to note the location of the cat-
egory found; at this point, the right-mostfound within the domain is at position;g =
0000010.

11 || cowp10,2 [ 11 | 0000010] 0000010] 0000000] d [ [
1] [0—-[g:z <« c:z, d:z< x:Z]]
[1-[e:2< f:z], 2—[h:z < i:z]] 1]

At this point, the parser completes edge 11 with fthe first position. This violates the
dormant constraint in domain 1, which is now updated to nead; any future attempts

to complete this edge into domain 1 will fail. As the parser completes further edges in the
same domain from edge 11, each will be ‘tainted’ in the same way.

12 || cowp11,1 [ 12 | 0000011] 0000011] 0000000] d [ I
[0—-[g:z <« ¢z, d:z< x:Z]]
[1—]void], 2—[h:z < i:Z]] 1]

13 || cowp 9,12 | 13 | 0000011| 0000011] 0000000] b | ]

1] [0—-[g:z < ciz, d:3< x:Z]]
[1—]void], 2—[h:z < i:Z]] 1]
14 || comp 8,13 | 14 | 0000011| 0000011] 1111111] a | [ ¢f]
[p3 < c2] [0—[g:z < ciz, d:3< x:Z]]
[1—]void], 2—[h:z < i:Z]] 1]

The parser now begins to work on finding the

15 |[ erepcin14 | 15 | 0000000] 0000011] 0000000] ¢ | [, & i’
[0—-[g:z < ciz, d:3< x:Z]]
[1—]void], 2—[h:z < i:Z]] [d:[2]:1, x:[1, 3]:2]

Finding anh at sixth position yields a state in which only some of the information about the
members of a domain is known; this is referred to as an ‘in-progress isolation statement’.
Here, the statement indicates that the location of constituetingiined with the posi-

tion vector 0100000, will form a contiguous unit. In-progress isolation statements need
to store their own sets of active and dormant order constraints, since the active and dor-
mant constraints on the edge itself are for the LHS category’s domain. Hisussted as
as-yet unseen on the edge itself, but has the frontier value ©f=3®10000Q inside the
in-progress isolation statement.

16 |[ comp 15,6 | 16 | 0100000] 0100011] 0000000] ¢ | [, i
[0—-[g:z < ciz, d:3< x:2Z]]

[d:[2]:1, [x:[3]+0100000, [2>[h:32 < i:Z]],
[0-]g:iz < ciz, diz< x:Z], 1-[eiz< f:2]]]]

[1—]void], 2—[h:z < i:Z]]
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Predicting thed in edge 16 moves the parser into a new domain, so the active and dor-
mant constraints are re-initialized; now the constraint for domain 1 is active and those for
domains 0 and 2 are dormant.

17 || prepdin16 [ 17 | 0000000] 0100011] 0000000] d [ [€, ]

[1-[e:z< fiz]]
[0-]g:z < ciz, d:z< x:Z],
2—-lhiz<i:Z]] [
18 || cowp17,4 [ 18 | 0001000| 0101011] 0000000] d [ [f]

[1-[e:8< f:z]]
[0-]g:z < ciz, d:z< x:Z],
2—-lhiz<i:Z]] [
19 || cowp 18,5 [ 19 | 0011000] 0011000] 0000000] d [ I
[1—[e:8< f:16]]

I

[0—-[g:iz< ciz, d:z< x:Z],
2-[h:iz <i:Z]]

Even though thigl was originally predicted as part of the process of locatirg i will

first be picked up by edge 9. Note that in contrast to the handling of rule-level constraints,
the constraint in domain 1 remains a part of the edge. This arises from the fact that there
are no limits on how often a description may be satisfied in any domain.

20 || comp9,19 | 20 [ 0011000 0011000] 0000000] b | ]

1] [0-]g:z < c:z, d:24< x:Z]]
[1->[e:8<f:16],
2—-lhiz<i:Z]] [

21 || comp 8,20 | 21 [ 0011000| 0011000] 1111111] a | [& o7
[p24 < c2] [0-]0:z < ciz, d:24< x:Z]]
[1->[e:8<f:16],
2-[h:iz <i:Z]] 0

22 || prep cin 21 fails — no room for 3 elements in 0011111

At this point, the parser can complete thé found into edge 16. Notice that the frontier
value ofd has been updated fromg@to 24,4 — the fact thatl forms a domain only means
that its subconstituents are not visible to higher constraints.

23 |[ comp 16,19 | 22 | 0111000] 0111011] 0000000] ¢ [ [i¥]
[0—-[g:z < ciz, d:24< x:2]]
[[x:[31+0100000, [2[h:32 < i:z]],
[0-]g:iz < ciz, diz< x:7], 1-[e:iz< f:2]]]]

[1—]void], 2—[h:z < i:Z]]

Finding the at position 64 finishes the in-progress isolation statement: the position vector
1100000 is indeed contiguous, and 8264, so domain 2's constraints are satisfied. The
resulting edge is updated to indicatexafound at position 96.

24 [ comp22,7 | 23 | 1111000] 1111000 0000000] ¢ [ 1[I
1] [0—[g:z < c:z, d:24< x:96]]
[1—]void], 2—[h:z < i:Z]] 1]

The c located, the original prediction can be advanced. Note the form of the updated
immediate precedence statement on edge 24, indicating that ¢d)as been found at
120:0.

28



25 |[ comp 14,23 [ 24 | 1111011] 1111011] 1111111] a | [¢]]
1 [0-]g:z < c:0(120), d:24 x:96]]
[1—-[void], 2—[h:z < i:Z]] 1]

After completing with the remaining, the success edge is obtained. The remainder of the
parse investigates the remaining choicepoints to see if any other analyses are possible.

26 || cowp24,3 | 25 [ 1111111] 1111111] 0000000] a | ]

1] [0—[g:0(4) < c:0(120), d:24 x:96]]
[1—]void], 2—[h:z < i:Z]] 1]
27 |[ comp11,5 | 26 | 0010010| 0010010 0000000] d [ 1[I
1] [0—-[g:z < ¢z, d:z< x:Z]]
[1-[e:2< f:16],
2-[h:iz <i:Z]] 0

28 [[ comp 9,26 | 27 | 0010010| 0010010 0000000] b [ 1[I
[0—[g:z < ¢z, d:18< x:2]]

[1-[e:2< f:16],

2-[h:iz <i:7]] 0
29 || comr 8,27 | 28 [ 0010010 0010010] 1111111] a | [& g7
[p18< c2] [0-[g:z < ¢z, d:18< x:Z]]
[1-[e:2< f:16],
2—-lhiz<i:z]] [
30 || prep c in 28 fails — no room for 3 elements in 0011111
31 || comp10,4 ] 29 | 0001000 0001000] 0000000] d [ [f]

[0—-[g:z < ciz, d:z< x:Z]]
[1-[e:8< f:z], 2—[h:z < i:z]] 1]

32 || cowp29,1 | 30 [ 0001001 0001001] 0000000] d | ]
1] [0—-[g:z < ¢z, d:z< x:Z]]
[1—]void], 2—[h:z < i:Z]] 1]

33 | cowr 9,30 | 31 | 0001001] 0001001] 0000000] b [ []

1] [0—-[g:z < c:z, d:9< x:Z]]
[1—]void], 2—[h:z < i:Z]] 1]
34 |[ comp 8,31 | 32| 0001001| 0001001] 1111111] a [ [& o]
[p9 < c2] [0—[g:z < c:z, d:9< x:2]]
[1—]void], 2—[h:z < i:Z]] 1]
35 || prED CiN 32 | 33 | 0000000 0001111| 0000000| c | [, &, i¥]
1] [0—-[g:z < ¢z, d:9< x:2]]
[1—-[void], 2—[h:z < i:Z]] [d:[2]:1, x:[1, 3]:2]
36 || comp 33,6 | 34 | 0100000 0101111| 0000000| c | [, %]
1] [0-]g:z < ¢z, d:9< x:Z]]

. . [d:[2]:1, [x:[3]+0100000, [2>[h:32 < i:z]],
[1—{void], 2—[h:z < i:Z]] [0-]g:iz < ciz, diz< x:Z], 1-[eiz< f:2]]]]
37 || repdin34 ] 35 [ 0000000| 0101111] 0000000] d | [€' ]

1] [1-[eiz< fz]]
[0—-[g:iz< ciz, d:z< x:Z],
2-lh:iz<i:Z]] I

38 || comp29,5 | 36 [ 0011000| 0011000] 0000000] d | ]
[0—-[g:z< c:z, d:z< x:Z]]

I
[1->[e:8<f:16],
2-[h:iz <i:Z]] 0
39 || comp 9, 36 is already in the chart as edge 20
40 || comp 16, 36 is already in the chart as edge 22

41 || success: 25
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6 Evaluation

In general, a new parsing algorithm should contribute to the state of the art in either (or
both) of two ways: it is moref@icient than previous approaches, or it allows grammars

to express concepts more transparently. The paper now addresses each of these areas in
turn.’

6.1 Efficiency

Suhre (1999) shows that the membership problem for a formally-equivalent grammar for-
malism is NP-complete, both when considering the grammar plus the string as input (gen-
eral membership problem) as well as when only the string is considered as input (fixed
membership problem). It has been known since Huynh (1983) that the general membership
problem for unordered context-free grammars/ (B grammars without LP statements) is

also NP-complete, so Suhre’s first result is not surprising. That the fixed membership prob-
lem for GIDLP grammars is also NP-complete is less straightforward; fortunately, Suhre
(1999, 61) demonstrates that it stems from the potential for recursive growth of discon-
tinuities. As a result, when the parser can assume an upper bound on the number of dis-
continuities in any given constituent, the fixed membership problem becomes polynomial.
Formally, this can be achieved by requiring that the number of discontinuities introduced
by a recursive non-terminal is bounded by some constant.

Interestingly, a related practical proposal based on linguistic argumentation is discussed
by Miuller (1999b). He proposes a continuity constraint for linearization-based HPSG
which requires saturated phrasal elements (that is, maximal projections) to be contthuous.
Muller shows that adding his continuity constraint results in a significant reduction in the
number of passive edges and thereby significant improvements in parsing performance.

This continuity constraint is weaker than Suhre’s condition in that recursion on the level of
adjunctionis not restricted. Itis, however, interesting to note in this context that a grammar
incorporating theX-schema (Jackend®©1977) will require all non-head constituents to

be maximal projections. In sum, Miller’s result strongly suggests that further research
on linguistically-motivated continuity constraints can result ficgent parsing of those
GIDLP grammars which include such constraints.

This raises the question of how the parsing algorithm proposed in this paper performs
when used to parse grammars incorporating linear precedence and isolation constraints
(since the worst-case performance results are based on the absence of such constraints).
As mentioned earlier, the GIDLP grammars form a superset of the context-free grammars.
Thus it would be desirable for a GIDLP parser to be justfsient as a context-free parser

when presented with a context-free grammar encoded in the GIDLP format.

To investigate this, the parser’s performance has been tested with the three types of context-
free grammars discussed in Earley (1970) — those that require linear, quadratic, and cubic

17 An interesting point of reference is the AP parsing literature. Volk (1996) showed that in termsflitéency
and expressivity, it is advantageous to be able to combifieA@nd ordinary context-free rules in one grammar.
While this paper has focused on the issue of discontinuity, the GIDLP parsing algorithm does seamlessly
integrate context-free and (G)ICP rules.

18 extraposition is handled via discontinuous constituents, a more complex constraint is required.
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time for strings to be recognized; following Earley, the number of edge insertion attempts
(whether successful or unsuccessful) is used as a metric (representstliaghe charts
that follow).

Earley uses the context-free grammar in (17) (presented here with its GIDLP equivalent) to
test the linear and quadratic aspects of the algorithm.

(A7) root(X) root(X, [])
X - A X—>A1;;([l],[],A)
X - XB X - X1B2; 1<« 2;(1], I, X), <2, [, B)
X—>YA X ->Y A2 1< 21, [, YY), <2, 0, A)
Y > E Y—>El;;([l],[|,E)
YoSYDY Y oVYID?Y3; 1«2, 2<3: (10, Y) (2,0, D% 311, Y)

Consider the input strinfed) *eab? (wherea* abbreviates copies ofa). With this gram-
mar, Earley reports that the number of edge insertion attempts for his algorithm increases
linearly withy and quadratically withx.

With the linear case, a constant amount of additional work is expected for each additional
character. The results below show that this is obtained by the GIDLP parser.

Input Cost Size ACost ASize ACo0sf{ASize
ededeab 97 1 na na na
ededeab? 110 2 1 13 13
ededeab® 123 3 2 26 13
ededeab® 149 5 4 52 13
ededeab’® 214 10 9 117 13

In these charts, size refers to the length of the relevant portion of the input string (here, the
number ofbs); all A values are computed with respect to the first line of the chart.

For the quadratic case, the additional work required should be proportional tétéredce
of the squares of the input length. The data below diverge, indicating that this performance
goal has not yet been met.

Input  Cost Sizé ACost A(Siz€) ACosfA(Siz€)

(ed)%ea 74 4 na na na
ea }
(ed)® 132 9 58 5 11.6
ea )
(ed)4 220 16 146 12 12.2
(ed)®ea 347 25 273 21 13.0
(ed)bea 523 36 449 32 14.0

The simplest cubic-time grammar is

B—-BB
B—-A

The corresponding results show a similar divergence.
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Input Cost Sizé ACost A(Siz€) ACosIA(Size)

A® 105 125 ra na na

A® 182 216 77 91 0.85
A’ 294 343 189 218 0.87
A8 450 512 345 387 0.89
A0 935 1000 830 875 0.94

6.2 Natural Description of Efficient Grammars

Recall that in the GIDLP grammar format defined in section 2.1, the order of the RHS of a
grammar rule does not encode the terminal order of the daughters. Instead, it expresses the
order in which the parser will search for these elements, as discussed in section 3.4.

To see why this is valuable, consider a grammar covering raising verbs in Icelandic. Many
verbs in Icelandic assign “quirky case” (i.e. hon-nominative) to their subjects; these case
assignments persist when the subject is raised to be the subject or object of a matrix verb.
From a parsing perspective, the embedded verb must be known before it can be determined
whether a given noun phrase is an acceptable subject for the matrix verb. This is illustrated
by the data in (18) — (23).

(18) Hana virdistvanta peninga
heracc seemso-lackmoney

‘She seems to lack money.

(19) Barninu  virdisthafa batnad veikin
the-childpar seemsto-haverecovered-fronihe-disease

‘The child seems to have recovered from the disease.’

(20) Verkjanna virdist ekki geeta
the-painssexn seem not to-be-noticeable

‘The pains don’t seem to be noticeable.

(21) Hann telur mig vanta peninga
he~oMm believesme acc to-lackmoney

‘He believes that | lack money.

(22) Hanntelur  barninu hafa batnad veikin
he believeshe-childpar to-haverecovered-fronthe-disease

‘He believes the child to have recovered from the disease.’

(23) Hanntelur  verkjanna ekkigeeta
he believeshe-painssen not to-be-noticeable

‘He believes the pains to be not noticeable.

In other words, the fact that the subject in (18) and (21) is accusative is a reflection of the
embedded verb ‘lack’ rather than the matrix verbs ‘seem’ or ‘believe’; the same situation
holds for the dative [(19), (22)] and genitive [(20), (23)] examples. In all other respects,

however, the matrix verb is still the head of its clause (it must agree in number with the
subject, for example).
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Consider a head-driven parser (van Noord 1997): a variant of a phrase-structure parser in
which a designated element (the head) is parsed before any other complement); the non-
head daughters are then parsed in the usual left-to-right order. With such a parser, the
grammar writer would write a rule like (24) to license the matrix clause.

(24) S— NPgyp; VedVP;y

With such a rule, the parser will first locate the head (hereyth¢hen theNP, and finally
theVP. As a consequence, the constraints in\fieon the case of the subject will not be
known until after the subject has been found. The parser will therefore try all poksisle
as subjects, and then see which the embedded verb phrase rejects.

With the GIDLP formalism, in contrast, the grammar writer could specify the rule as (25)
to avoid this generate-and-test pattern.

NP3

subj

(25) S—> VIVP2,
Now the parser will not look for the subject of the clause until the embedded verb phrase
has been located, and so oNfPs with the appropriate case will even be considered.

7 Future Work

To advance towards the general goal fifogent parsing with linearization-based HPSG
grammars, the next step is to replace atomic categories with complex categories, encoded
by typed feature structures.

This move brings with it a number of complications. Apart from the well-known issues
generally involved in adding complex categories to a chart-parser — for example, subsump-
tion checking or the use of a restrictor (see, for instance, Shieber 1985; Pereira and Shieber
1987; Gerdemann 1991) — the most interesting challenge in this context is the observation
by Seitert (1991) on IDLP parsing that word order constraints cannot always be verified
when a local domain is constructed. While {8sit addresses the issue by checking word
order constraints in a second pass once the entire tree has been constructed, Morawietz
(1995) shows that by explicitly retaining the relevant information, this second pass can be
avoided. By making use of the co-routining capabilities of SICStus Prolog, however, it
should be possible to retain the relevant information implicitly. It may also be possible
to adapt the dormant constraint mechanism so that no more information is retained than
necessatry.

The move to complex categories also brings with it the opportunity for more practical eval-
uation metrics. It is generally accepted, for instance, that the dominating factor in feature
structure-based algorithms is the number of unifications that must be performed; such a
metric is easily calculated once one has a grammar which can be used for testing. One
future dfshoot of this project is the recoding of the linearization-based Babel grammar
(Mdller 1996), one of the most comprehensive grammars of German, as a GIDLP grammar
so it can be used as a test case for the extended parser. This should allow the substantia-
tion (or refutation) of the claim that processing comprehensive linearization grammars of
natural languages isfecient once all available word order constraints are used to guide
processing in a well-engineered way.
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8 Summary

This paper has described a number of optimizations for parsing with a formalism licensing
discontinuous constituents. Using bitvectors encoded as integers to model subsets of the
terminal yield, the required bitvector operations can be computed in constant time. To
efficiently access edges and rules in a way that makes use of word order information, two
kinds of bitmasks are used to constrain possible coverage vectors, specifying the positions
that can, must, and must not be covered by an edge. The algorithm can thereby take order
constraints into account in a more interleaved fashion, restricting the search space of the
parser.
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