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Abstract

We present novel parsing algorithms for several sets of mildly non-projective de-
pendency structures.

First, we define a parser for well-nested structures of gap degree at most 1, with
the same complexity as the best existing parsers for constituency formalisms of
equivalent generative power. We then extend this algorithm to handle all well-nested
structures with gap degree bounded by any constant k.

Finally, we define a parsing algorithm for a new class of structures with gap degree
up to k that includes some ill-nested structures. This set of structures, which we call
mildly ill-nested, includes all the gap degree k structures in a number of dependency
treebanks.

1 Introduction

Dependency parsers analyse a sentence in terms of a set of directed links (dependencies)
expressing the head-modifier and head-complement relationships which form the basis
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of predicate argument structure. We take dependency structures to be directed trees,
where each node corresponds to a word and the root of the tree marks the syntactic head
of the sentence. For reasons of efficiency, many practical implementations of dependency
parsing are restricted to projective structures, in which the subtree rooted at each word
covers a contiguous substring of the sentence. However, while free word order languages
such as Czech do not satisfy this constraint, parsing without the projectivity constraint
is computationally complex. Although it is possible to parse non-projective structures
in quadratic time under a model in which each dependency decision is independent of
all the others (McDonald et al., 2005), the problem is intractable in the absence of this
assumption (McDonald and Satta, 2007).

Nivre and Nillson (2005) observe that most non-projective dependency structures ap-
pearing in practice are “close” to being projective, since they contain only a small propor-
tion of non-projective arcs. This has led to the study of classes of dependency structures
that lie between projective and unrestricted non-projective structures (Kuhlmann and
Nivre, 2006; Havelka, 2007). Kuhlmann (2007) investigates several such classes, based
on well-nestedness and gap degree constraints (Bodirsky et al., 2005), relating them to
lexicalised constituency grammar formalisms. Specifically, he shows that: linear context-
free rewriting systems (LCFRS) with fan-out k& (Vijay-Shanker et al., 1987; Satta, 1992)
induce the set of dependency structures with gap degree at most k — 1; coupled context-
free grammars in which the maximal rank of a nonterminal is & (Hotz and Pitsch, 1996)
induce the set of well-nested dependency structures with gap degree at most k — 1; and
LTAGs (Joshi and Schabes, 1997) induce the set of well-nested dependency structures
with gap degree at most 1.

These results establish that there must be polynomial-time dependency parsing al-
gorithms for well-nested structures with bounded gap degree, since such parsers exist
for their corresponding lexicalised constituency-based formalisms. However, since most
of the non-projective structures in treebanks are well-nested and have a small gap de-
gree (Kuhlmann and Nivre, 2006), developing efficient dependency parsing strategies
for these sets of structures has considerable practical interest, since we would be able
to parse directly with dependencies in a data-driven manner, rather than indirectly
by constructing intermediate constituency grammars and extracting dependencies from
constituency parses.

We address this problem with the following contributions:

e We define a parsing algorithm for well-nested dependency structures of gap degree
1, and prove its correctness. The parser runs in time O(n"), the same complexity
as the best existing algorithms for LTAG (Eisner and Satta, 2000), and can be
optimised to O(n%) in the non-lexicalised case.

e We generalise the previous algorithm to any well-nested dependency structure with
gap degree at most k in time O(n°2F).

e We generalise the previous parsers to be able to analyse not only well-nested struc-
tures, but also ill-nested structures with gap degree at most k satisfying certain



constraints!, in time O(n**+3).

e We characterise the set of structures covered by this parser, which we call mildly
ill-nested structures, and show that it includes all the trees present in a number of
dependency treebanks.

2 Preliminaries

A dependency graph for a string w; ... w, is a graph G = (V, E), where V = {wy,...,w,}
and E CV x V. We write the edge (w;, wj) as w; — wj, meaning that the word wj is
a syntactic dependent (or a child) of w; or, conversely, that w; is the governor (parent)
of w;. We write w; —* w; to denote that there exists a (possibly empty) path from
w; to w;. The projection of a node w;, denoted |w;], is the set of reflexive-transitive
dependents of w;, that is: |w;] = {w; € V | w; —* w;}. In contexts where we refer
to different graphs that may share nodes, we will use the notation |w;|g to denote the
projection of a node w; in the graph G. An interval (with endpoints ¢ and j) is a set of
the form [i, j] = {wy | i < k < j}. We will denote the cardinality of a set S as #(.5).
A dependency graph is said to be a tree if it is:

1. acyclic: w; € |w;] implies w; — w; ¢ E; and

2. each node has exactly one parent, except for one node which we call the root or
head.

A graph verifying these conditions and having a vertex set V' C {wy,...,wy,} is a partial
dependency tree. Given a dependency tree T = (V| E) and a node u € V, the subtree
induced by the node w is the graph T, = (|u], E,) where B, = {w; - w; € E | w; €

ul}-

2.1 Properties of dependency trees

We now define the concepts of gap degree and well-nestedness (Kuhlmann and Nivre,
2006).

Let T be a (possibly partial) dependency tree for w ...w,: We say that T is pro-
jective if |w;] is an interval for every word w;. Thus every node in the dependency
structure must dominate a contiguous substring in the sentence.

The gap degree of a particular node wy in 7" is the minimum g € IN such that |wy |
can be written as the union of g + 1 intervals; that is, the number of discontinuities in
|wg |. The gap degree of the dependency tree T is the maximum among the gap degrees
of its nodes. Note that T has gap degree 0 if and only if T is projective.

The subtrees induced by nodes w, and w, are interleaved if |w,| N [w,| = 0 and
there are nodes w;, w; € |wp] and wy, w; € |wq] such that i < k < j <. A dependency
tree T is well-nested if it does not contain two interleaved subtrees. A tree that is not

'Parsing unrestricted ill-nested structures, even when the gap degree is bounded, is NP-complete: these
structures are equivalent to LCFRS for which the recognition problem is NP-complete (Satta, 1992)



well-nested is said to be ill-nested. Note that projective trees are always well-nested,
but well-nested trees are not always projective.

2.2 Dependency parsing schemata

The framework of parsing schemata (Sikkel, 1997) provides a uniform way to describe,
analyse and compare parsing algorithms. Parsing schemata were initially defined for
constituency-based grammatical formalisms, but Gémez-Rodriguez et al. (2008) define
a variant of the framework for dependency-based parsers. We use these dependency
parsing schemata to define parsers and prove their correctness. We will now provide
brief outlines of the main concepts behind dependency parsing schemata.

The parsing schema approach considers parsing as deduction, generating intermediate
results called items. An initial set of items is obtained from the input sentence, and the
parsing process involves deduction steps which produce new items from existing ones.
Each item contains information about the sentence’s structure, and a successful parsing
process produces at least one final item providing a full dependency analysis for the
sentence or guaranteeing its existence.

In a dependency parsing schema, items are defined as sets of partial dependency trees?.
To define a parser by means of a schema, we must define an item set and provide a set
of deduction steps that operate on it. Given an item set Z, the set of final items for
strings of length n is the set of items in Z that contain a full dependency tree for some
arbitrary string of length n. A final item containing a dependency tree for a particular
string wy ... w, is said to be a correct final item for that string. These concepts can
be used to prove the correctness of a parser: for each input string, a parsing schema’s
deduction steps allow us to infer a set of items, called wvalid items for that string. A
schema is said to be sound if all valid final items it produces for any arbitrary string
are correct for that string. A schema is said to be complete if all correct final items are
valid. A correct parsing schema is one which is both sound and complete.

In constituency-based parsing schemata, deduction steps usually have grammar rules
as side conditions. In the case of dependency parsers it is also possible to use grammars
(Eisner and Satta, 1999), but many algorithms use a data-driven approach instead,
making individual decisions about which dependencies to create by using probabilistic
models (Eisner, 1996) or classifiers (Yamada and Matsumoto, 2003). To represent these
algorithms as deduction systems, we use the notion of D-rules (Covington, 1990). D-
rules take the form a — b, which says that word b can have a as a dependent. Deduction
steps in non-grammar-based parsers can be tied to the D-rules associated with the links
they create. In this way, we obtain a representation of the underlying logic of the parser
while abstracting away from control structures (the particular model used to create the
decisions associated with D-rules). Furthermore, the choice points in the parsing process
and the information we can use to make decisions are made explicit in the steps linked
to D-rules.

2The formalism allows items to contain forests, and the dependency structures inside items are defined
in a notation with terminal and preterminal nodes, but these are not needed here.



3 The WG; parser
3.1 Parsing schema for WG;

We define WG1, a parser for well-nested dependency structures of gap degree < 1, as
follows:
The item set is Zyyg1 = Z1 U Zo, with

Ty = {[i,j,h,0,0] |1, jh €N, 1< h<n1<i<j<mh#jh#i-1},

where each item of the form [i, ], h,o,¢] represents the set of all well-nested partial
dependency trees® with gap degree at most 1, rooted at wy, and such that [wy| =
fwn} Uli,j], and

Zo =Ali,j,h, l,r] | i, 5,hl,r e N1 <h<n,1<i<l<r<j<n,
h#],h#l-l,h#l-l,h#?“}

where each item of the form [i, j, h, [, 7] represents the set of all well-nested partial depen-
dency trees rooted at wy, such that |wp] = {wp}U([4, j]\ [, r]), and all the nodes (except
possibly h) have gap degree at most 1. We call items of this form gapped items, and the in-
terval [, r] the gap of the item. Note that the constraints h # j,h #i+1,h #l—1,h #r
are added to items to avoid redundancy in the item set. Since the result of the expres-
sion {wp} U ([¢,4] \ [I,r]) for a given head can be the same for different sets of values
of i,7,l,r, we restrict these values so that we cannot get two different items represent-
ing the same dependency structures. Items ¢ violating these constraints always have
an alternative representation that does not violate them, that we can express with a
normalising function nm(:) as follows:

nm([i,5,7,L,7]) =[i,5 — 1,5,0,r] (if r <j—1orr=o9),

or [i,l —1,j,0,0] (ifr=7—-1).
nm([i,j,0 — 1L, 1,r])=[i,5,0l — 1,1 — 1,r](if | > i+ 1),

or [r+1,5,l—1,0,0] (ifl=1+1).
nm([i,j,i— 1,1,r]) =i —1,4,i — 1,1, r].
nm([i,j,r, 7)) =[i,4,r, l,r—1] (ifl <r),

or [i,7,1,0,0] (if L =7).
nm([i, j, h,l,r]) = [i, 7, h,l,r] for all other items.

When defining the deduction steps for this and other parsers, we assume that they
always produce normalised items. For clarity, we do not explicitly write this in the
deduction steps, writing ¢ instead of nm(¢) as antecedents and consequents of steps.

The set of initial items is defined as the set

H ={[h,h,h,0,0] | he N,1 < h<n},

where each item [h, h, h, o, o] represents the set containing the trivial partial dependency
tree consisting of a single node wy and no links. This same set of hypotheses can be

3In this and subsequent schemata, we use D-rules to express parsing decisions, so partial dependency
trees are assumed to be taken from the set of trees licensed by a set of D-rules.



used for all the parsers, so we do not make it explicit for subsequent schemata. Note
that initial items are separate from the item set Zyy 1 and not subject to its constraints,
so they do not require normalisation.

The set of final items for strings of length n in WG is defined as the set

F={[Ln,h0,0] [he N,1<h<n},

which is the set of the items in Zyy 1 containing dependency trees for the complete input
string (from position 1 to n), with their head at any word wy,.

Finally, the deduction steps of the WG parser are the following:

Link Ungapped: Link Gapped:

[h1,h1, k1, 0,0] (1, b1, A1, o, o
U2’j27h27o7o] 2,52, 02,1202
T why — Wi [i2, 52, h1,12,r2] " M
[i2, j2, h1,0,9] 4 1 0%

- o such that wpe € [12,52 2,72 N w
such that wpe € [i2,72] A wpy € [i2, 52], 2, 2]\ [12 :22] 2,521\ | ] n ¢
Combine Opening Gap:
[i, 7, h, 0,0 [k, 1, hyo, 0]

[i,0,h,j+1,k—1]

Combine Ungapped:
[i7j7h7070] []—i_l?k?h’O?O]

ULAUE R such that j < k —1,
Combine Keeping Gap Left: Combine Keeping Gap Right:
l:i?j?h7l7T] [j+17k7h7070] [i7j7h7<>7<>:| []+17k7h7l7r:|
i, k. h, 1,7 [i,k, D, 1,7]
Combine Closing Gap: Combine Shrinking Gap Centre:
[i, 7, h, 1, 7] [l,r, h,o, 0 [i,7,h, 1,7 [l,r, h,12,1r2]
[i, 7, h, 0,0 [i, 7, h,12,72]
Combine Shrinking Gap Left: Combine Shrinking Gap Right:
[i,7, h, 1, 7] (I, k, h,o,o] [i,7,h, 1 7] [k, 7, h,o,0]
[i,7,h,k+1,7] [i,7,h, 1,k —1]

The WG parser proceeds bottom-up, by building dependency subtrees and joining
them to form larger subtrees, until it finds a complete dependency tree for the input
sentence. The logic of the parser can be understood by considering how it infers the
item corresponding to the subtree induced by a particular node, given the items for the
subtrees induced by the direct dependents of that node. Suppose that, in a complete
dependency analysis for a sentence wy ...wy, the word wy has wy, ... wg, as direct
dependents (i.e. we have dependency links wy, — wp, ... ,wq, — wp). Then, the item
corresponding to the subtree induced by wy, is obtained from the ones corresponding to
the subtrees induced by wy, ... wg, by: (1) applying the Link Ungapped or Link Gapped
step to each of the items corresponding to the subtrees induced by the direct dependents,
and to the hypothesis [h, h, h, o, ¢]. This allows us to infer p items representing the result



of linking each of the dependent subtrees to the new head wy; (2) applying the various
Combine steps to join all of the items obtained in the previous step into a single item.
The Combine steps perform a union operation between subtrees. Therefore, the result
is a dependency tree containing all the dependent subtrees, and with all of them linked
to h: this is the subtree induced by wy. This process is applied repeatedly to build
larger subtrees, until, if the parsing process is successful, a final item is found containing
a dependency tree for the complete sentence.

3.2 Proof of correctness for WG,

The parsing schemata formalism can be used to prove the correctness of a parser. To
prove that a schema is correct, we need to prove its soundness (all valid final items are
correct) and completeness (all correct final items are valid). This is usually done by
defining a set of correct items for the schema, in such a way that final items in this set
are correct final items by the general definition given in Section 2.2; and then proving
the stronger claims that all valid items are correct and all correct items are valid. All
the correctness proofs in this report follow this general method.

To define the set of correct items for W1, we will first provide a definition of the trees
that these items must contain: let T be a well-nested partial dependency tree headed at
a node wy. We will call such a tree a wvalid tree for the algorithm WG if it satisfies the
following conditions:

o (1) |wp] is either of the form {wp} U [3, j] or {wx} U ([i, 5]\ [I,7]).

e (2) All the nodes in T have gap degree at most 1 except for wy, which can have
gap degree up to 2.

Given an input string w; ...w, and a set of D-rules G, we say that an item of the
form [i, j, h,o,0] € Iy is correct if it contains a valid tree T' rooted at wy, such that
|wn| = {wp} Ui, j], and all the edges in T are licensed by G.

We say that an item of the form [i, j, h,l,r] € Ty is correct if it contains a valid
tree T' headed at wp, such that |wp] = {w} U ([7,7] \ [[,7]), and all the edges in T are
licensed by G.

Throughout the proof we will suppose that all items are normalised, that is, [i, j, h, [, 7]
should always be read as nm([i, j, h,l,r]), although we will omit the nm function most
of the time for clarity.

Since a final item in WG, has the form [1,n,h,o,0|, a correct final item for this
algorithm will contain at least one valid tree rooted at a head wy, and with |wy, | = [1,n].
This tree must be well-nested because it is valid, and must have gap degree < 1 because
the definition of a valid tree implies that every node except for wy has gap degree < 1,
and the fact that |wy| = [1,n] implies that wy, has gap degree 0. Therefore, a correct
final item for an input string contains at least one well-nested parse of gap degree < 1
for that string.

Proving the correctness of the WG parser amounts to proving its soundness and
completeness.



3.2.1 Soundness

Proving the soundness of the WG, parser is showing that all valid final items (that is,
items that can be obtained from the hypotheses by applying some sequence of deduction
steps) are correct.

We will do this by proving the stronger claim that all valid items are correct. Since
all valid items are either hypotheses or obtained by applying a deduction step to other
valid items, it suffices to show that (i) hypotheses are correct, and (ii) if the antecedents
of a deduction step in WGy are correct, then the consequent is also correct.

(i) is trivial, since any hypothesis [h,h, h,©¢,o] contains the valid dependency tree
consisting of a single node (wy,) and no links.

In order to prove (ii), given a set of D-rules G, we must prove that if the antecedents
of a deduction step are items containing a valid tree for WG licensed by the D-rules
in G, then the consequent must also contain a valid tree for WG licensed by G. In
order for a tree to be valid, it must be well-nested, with |wy,]| of the form {wy} U [4, j]
or {wp} U ([7,5] \ [[,r]), and with all the nodes having gap degree at most 1 except for
the head, which may have gap degree up to 2.

By definition of items in WG, all trees contained in items must verify the conditions
of a valid tree. Therefore, proving soundness in this case amounts to proving that if the
antecedents of a step are nonempty, then the consequent is nonempty.

This can be seen step by step: in the case of a Link Gapped step creating a dependency
Who — Wh1, a tree T, for the consequent item can be obtained from a tree T, taken from
the second antecedent ([i2,j2,h2,12,r2]) by linking its head (which is wps by construction
of the antecedent) to wy;. Condition (1) of a valid tree is satisfied by construction, since
the projection of the head of T, is the result of adding wp; to the projection of wps in Ty,
and this projection is of the form [i2, j2] \ [I2, 2] by construction of the antecedent and
by the constraint imposed by the step on wpe. Besides, since by this same constraint
we know that T, must have gap degree 1, the tree T, that we obtain for the consequent
satisfies the condition that all of its nodes have gap degree 1 (since their projections
are the same as in the antecedent tree) except for its head, that may have gap degree
2 (since its projection is that of the head node of Tj, plus a new node wp; that can
increase the gap degree at most by one). The new link appearing in the consequent item
must be licensed by our set of D-rules GG, by the side condition of the step. Finally, the
well-nestedness constraint is also preserved, since the subtrees induced by nodes in T
are the same as those in T, except for the one induced by w1, which cannot interleave
with any other as it contains them all. Therefore, if the antecedents of a Link Gapped
step are nonempty, we conclude that the consequent is also nonempty, since it contains
the valid tree T,.. The same reasoning can be applied to the Link Ungapped step.

In the case of Combiner steps, a tree T, for the consequent item can be obtained from
the union of two trees T, and T}, each taken from one of the antecedent items, and
having a common head wy. In this case, no new links are created, so the consequent
tree is obviously permitted by the D-rules G if the antecedent trees are. Condition (1)
of a valid tree is satisfied by construction, since the required projection of the head for
a valid tree in the consequent of a Combiner is the union of those for the antecedents,



and by checking the steps one by one we can see that their constraints guarantee that
this union satisfies the condition. The gap degree of the head in T, is guaranteed to
be at most 2 by this condition (1), and the gap degree of the rest of the nodes in 7, is
guaranteed to be < 1 because their induced subtrees are the same as in the antecedent
tree T, or T, in which they appeared (note that, by construction of the antecedents of
Combiner steps, the only node that appears both in 7, and T} is wp, so the rest of
the nodes in T, can only come from one of the antecedent trees). Therefore, (2) also
holds. Regarding well-nestedness, we note that the subtree induced by the head of the
consequent tree cannot interleave with any other, and the rest of the subtrees are the
same as in the antecedent trees. Thus, since the subtrees in each antecedent tree did
not interleave among themselves (T, and T}, are well-nested), the only way in which the
consequent tree could be ill-nested would be having a subtree of one antecedent tree
interleaving with a subtree of the other antecedent tree. This can be checked step by
step, and in every single Combiner step we can see that two subtrees coming from each
of the antecedent trees cannot interleave. As an example, in a Combine Closing Gap
step:
[i,7,h, 1, 7] [l,7, h,o,9]

I:/l:7j7 h7<>7 <>]

In order for a subtree in the second antecedent to be able to interleave with a subtree
in the first antecedent, it would need to have nodes in the interval [/, r] and nodes in the
set [1,4 — 1] U [j + 1,n], but this is impossible by construction, since the projection of a
tree in the second antecedent is of the form {wp} U [l,7].

Analogous reasoning can be applied for the rest of the Combiner steps, concluding
that all of them preserve well-nestedness. With this we have proven (ii), and therefore
the soundness of WG .

3.2.2 Order annotations

In the completeness proof for WG, we will use the concept of order annotations (Kuhlmann,
2007; Kuhlmann and M&hl, 2007). Here we will outline the concept and some properties
relevant to the proof, a more detailed discussion can be found in (Kuhlmann, 2007).

Order annotations are strings that encode the precedence relation between the nodes
of a dependency tree: if we take a dependency tree with its words unordered and decorate
each node with an order annotation, we will obtain a particular ordering for the words.
Order annotations are related to projectivity, gap degree and well-nestedness: there
exists a set of order annotations that, when applied to nodes in any structure, will result
in an ordering of the nodes that satisfies projectivity, and the same can be said about
the properties of well-nestedness and having gap degree bounded by a constant k. In
addition to this, order annotations are closely related to the way in which the parsers
defined in this report construct subtrees with their Combine steps, and this will make
them useful for proving their correctness.

Let T be a dependency structure for a string wj ...w,, and wg a node in 7. Let
Wq - - - wq, be the direct dependents of wy in T, ordered by the position of the leftmost



element in their projection, i.e. min{i € N | w; € |wg, |} < min{j € N | w; € |wgq, ]} if
and only if u < v.

The order annotation for a node wy is a string over the alphabet {0,1,...,p} U{“”}
obtained from the following process:

e Build a string a(T,wy) = ajag...ay, where ay = 0, a; = w if i € |wy, |, and

a; =% (comma) otherwise (i.e. if i ¢ |wg]).

e The order annotation for wy, o(T,wy), is the string obtained by collapsing all
adjacent occurences of the same symbol in a(T,wy) into a single occurence, and
removing all leading and trailing commas.*

By construction, order annotations have the following property:

Property 1. If the order annotation for a node wy, is a string o(T,wy) = 01 ...04, then
there exist unique natural numbers i1 < i, ... < ig41 such that:

o [f the symbol 0 appears in position v in o(T,wy), then i, =k and iy4+1 =k + 1.

o If a symbol s € (IN\ {0}) appears in positions vi,...,v, in o(T,wy), then the
projection of the sth dependent of wy in T is {[iv,, tv,+1 — 1]} U{[lvy, Gogt1 — 1]} U
o U {[wy B 1 — 1]}

In particular, it can be checked that i, is always the index associated to the leftmost
node in |wg], iq4+1 the index associated to the rightmost node in |wy] plus 1, and for
each i, such that 1 < v < ¢, the differences d, = (i, — i1) correspond to the positions in
the intermediate string a(7, wg) such that the d,th symbol in a(7T,wy) differs from the
(dy + 1)th.

By using this property to reason about the projections of a dependency tree’s nodes,
we can show the following, more particular properties:

Property 2.

A node wy, has gap degree g in a dependency structure T if, and only if, the comma
symbol (,) appears g times in o(T, wy,).

(Corollary 1) The gap degree of a dependency structure T' is the mazimum value among
the number of commas in the order annotations of each of its nodes.

(Corollary 2) A dependency structure is projective if, and only if, none of the order
annotations associated to its nodes contain a comma.

Property 3. If a number s € (N \ {0}) appears g + 1 times in an order annotation
o(T,wy), then the sth direct child of wy (in the ordering mentioned earlier) has gap
degree g, and therefore the dependency structure T’ has gap degree at least g.

“Note that we use a slightly different notation from (Kuhlmann, 2007): for simplicity in the proofs, we
say that each node has a single annotation of the form a1, aq, ..., a, instead of saying that it has a
list of annotations au, aa, ... an. Of course, the difference is merely notational.

10



Property 4. A dependency structure T is ill-nested if, and only if, it contains at least
one order annotation of the form ...a...b...a...b..., for some a,b € (N\ {0}). Oth-
erwise, T' is well-nested.

These properties allow us to define the sets of structures verifying well-nestedness
and/or bounded gap degree only in terms of their order annotations. Sets that can be
characterized in this way are said to be algebraically transparent (Kuhlmann, 2007).

3.2.3 Completeness

Proving completeness of the WG parser is proving that all correct final items are valid.
We will show this by proving the following, stronger claim:

Lemma 1. Let T be a valid partial dependency tree headed at a node wy,. Then:

o (a) If |wy| = {wnp} Ui, ]|, then the item [i, ], h,o,o| containing T is valid under
this parser.

o (b) If |wy] = {wp} U ([i,7]\ [I,7]), then the item [i, ], h,l,7] containing T is valid
under this parser.

It is clear that this lemma implies the completeness of the parser: a final item
[1,n, h,o,0] is correct only if it contains a tree rooted at w;, with gap degree < 1 and
projection [1,n]. Such a tree is in case (a) of Lemma 1, implying that the correct final
item [1,n, h,o,o| is valid. Therefore, this lemma implies that all correct final items are
valid, and therefore that that WGy is complete.

3.2.4 Proof of Lemma 1

We will prove Lemma 1 by induction on #(|wy,]). In order to do this, we will show that
Lemma 1 holds for valid trees T" rooted at wy, such that #(|wy]) = 1, and then we will
prove that if Lemma 1 holds for every valid tree T” such that #(|wy]) < N, then it also
holds for all trees T" such that #(|wp]) = N.

Base case Let T be a valid tree rooted at a node wy, such that #(|wp]) = 1. Since T’
has only one node, it must be the trivial dependency tree consisting of the single node
wp,. In this case, Lemma 1 trivially holds because the initial item [k, h, h, ¢, ] contains
this tree, and initial items are valid by definition.

Induction step Let T be a valid partial dependency tree rooted at a node wy, such
that #(|wp|) = N (for some N > 1).

We will prove that, if Lemma 1 holds for every valid partial dependency tree T’ rooted
at wy, such that #(|wj},|) < N, then it also holds for 7.

Let wyq, - .. wgq, be the direct children of wy, in T', ordered by the index of their leftmost
transitive dependent, i.e., for every ¢ and j such that 1 <1i < j < p, then min{k | wy €

lwa; |} < min{k | wy, € [wq;]}-
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We know that p > 1 because if #(|wp]) > 1, then wy, must have at least one dependent.
We now consider two cases: p = 1 and p > 1. In the case where p = 1, consider the
subtree of T induced by wg, . Since #(|wg, |) = N — 1, we know by induction hypothesis
that the item corresponding to this tree is valid. This item is:

[i,7,d1,0,9], if |wg, | is of the form {wg, } U [i, ], with d; € [i,4]°. In this case,
applying a Link step to this item and the initial item [h, h, h, o, o] (which is valid
by definition), with the D-rule wg, — wy, (which must exist in order for T' to be
valid); we obtain [i, j, h, ¢, ], which is the item corresponding to wy, by Lemma 1.

[i,7,d1, by h], if |wg, | is of the form {wg, } U ([¢,j] \ {wr}). In this case, applying a
Link step to this item and the initial item [h, h, h, ¢, ©] (which is valid by definition),
with the D-rule wg, — wy, (which must exist, as in the previous case); we obtain
[4,7, h,0,0]% which is the item corresponding to wy, by Lemma 1.

[i,7,d1, L, 7], if |wg, | is of the form {wgq, }U([i, j]\[l,7]). In this case, applying a Link
step to this item and the initial item [h, h, h,o,o] (which is valid by definition),
with the D-rule wy, — wp; we obtain [z, 7, h, [, 7]; which is the item corresponding
to wy, by Lemma 1.

With this, we have proven the induction step for the case where p = 1 (the head node
of our partial dependency tree has a single direct child). It now remains to prove it for
p > 1 (the head node has more than one direct dependent).

In order to show this, let o(T, wy) be the order annotation associated to the head node
wp, in tree T. By construction, O(T,wp) must be a string of symbols in the alphabet
{0}u{1}U...U{p}U{, }; containing a single appearance of the symbol 0. Additionally, by
the definition of a valid tree and Property 3 of order annotations, O(T’, wy,) must contain
either 1 or 2 appearances of each symbol 1 through p (since more than 2 appearances of
a symbol ¢ could only occur if wg, had gap degree > 2). And, from the possible forms of
|wp| in a valid tree, we know that o(7’, w;) must have one of the following forms, where
a and (3 are (possibly empty) strings that only contain symbols in {1} U ... U {p} (not
Zeros or commas):

(i) a0B

(i) a, B0y
(iii) 208,
(iv) 0,a, 3
(

v) a, 3,0

5Note that the situation where the projection is of this form but with dy ¢ [4, j] is covered by the third
case in this list if dy < i—1 or di > j+ 1; or by this same case if dy = i—1 or di = j+ 1, by rewriting
the projection in the equivalent form {wq, } Ui — 1, 7] or {wa, } U [i, 5 + 1], respectively.

SNote that this item is the normalisation of [i, j, h, h, h].
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o (vi) 0,0,

Note that, by Property 2 of order annotations, the first case corresponds to a tree
where the head has gap degree 0, in the next two cases the head has gap degree 1, and
the last three are the cases where the gap degree of the head is 2: in these three latter
cases, the constraint that |wy,| must be of the form {wp} U ([3, 4] \ [[,7]) for the tree T'
to be valid implies that the symbol 0 representing the head in the annotation must be
surrounded by commas: if we have a gap degree 2 annotation of any other form (for
example a0, 3,~, for nonempty «); the projection of wy, does not meet this constraint.
This can be seen by using Property 1 of order annotations to obtain this projection.

Taking these considerations into account, we will now divide the proof in different
cases and subcases based on o(T, wy,), starting with its first symbol:

1. If o(T,wp) begins with the symbol 1:
a) If there are no more appearances of the symbol 1 in o(7T, wy):
Then we consider the following trees:

e T1: The tree obtained by taking the subtree induced by wg, (which by
Property 1 must have a yield of the form [i, j]|, as the symbol 1 appears
only once in o(T', wy,)), and adding the node wy, and dependency wq, — wy,

to it.

e T5: The tree obtained by taking the union of subtrees induced by wg, . . . wq,,
and adding the node wy, and dependencies wg, — wp, ..., wq, — wp t0
it.

And we divide this case into three further cases:

i. If o(T,wy) does not contain any comma: Then, by Property 17, the
projection of wy, in Ty will be of the form [j + 1, k] U {w,}. By applying
the induction hypothesis to T} and Tb, we know that the items [i, 7, h, ¢, ©]
and [j+1, k, h, o, o] are valid. Therefore, the item [i, k, h, ¢, ¢] is also valid
because it can be obtained from these two items by applying a Combine
Ungapped step. As in this case the projection of wy, in T is [i, k] U [h],
this item [i, k, h,©,©] is the item containing the tree T', and its validity
proves Lemma 1 in this particular subcase.

ii. If o(T, wy,) contains at least one comma, and the second symbol in o(T, wy,)
is a comma: Then o(T, wy) must be of the form (ii), (v) or (vi); and the
projection of wy, in Ty will be of the form [ig, k] U {wy,}, for ia > j + 1.
Therefore, we know by the induction hypothesis that the items [, j, h, ¢, ©]
(for T1) and [ig, k, h,o,0| (for T) are valid, and by applying Combine
Opening Gap to these items, we obtain [i, k, h, j + 1,42 — 1], which is the
item containing the tree 7T'.

"In the remainder of the proof, we will always use Property 1 of order annotations to relate them to
projections; so we will not mention it explicitly in subsequent cases.
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iii. If o(T, wy,) contains at least one comma, but the second symbol in o(T, wy,)
is not a comma:

A. First, in the case that o(T,wyp) contains exactly one comma, then
it is of the form 1051, B2, where either §; or (32 contains the symbol
0 and neither of them is empty. In this case, we can see that the
projection of wy, in T4 is of the form {w,}U[j+1,1—1]U[r+1,k], so
by induction hypothesis the item [j + 1, k, h,[,7] is valid. We apply
Combine Keeping Gap Right to [i, j, h,o,o| (which is valid by T3 as
in the previous cases) and [j + 1, k, h, [, r| to obtain [i, k, h, [, r], which
is the item containing 7.

B. Second, in the case where o(T,wy,) contains two commas, then it is
of the form 1651,0, 82 or 131, 82,0. Then the projection of wy in Th
will again be of the form {wp} U[j + 1,1 — 1] U [r + 1,k], so we can
follow the same reasoning as in the previous case to show that the
item [i, k, h, [, 7] containing T is valid.

b) If there is a second appearance of symbol 1 in o(T,wp): Then o(T, wy,) is of
the form 13118s. Due to the well-nestedness constraint, we know that there
is no symbol s € {1}U{2}U...U{p} that appears both in 5, and in (5. This
allows us to consider the following trees:

e T7: The tree obtained by taking the subtree induced by wg, (which must
have a yield of the form [i,[ —1]U[r +1, j], as the symbol 1 appears twice
in o(T,wy)), and adding the node wy, and dependency wq, — wy, to it.

e T5: The tree obtained by taking the union of subtrees induced by We, - - - W,
where by ... by are the non-comma, non-zero symbols appearing in 31, and

adding the node wy, and dependencies W, — Whs -, W, — Wh 1O it.

bq
e T3: The tree obtained by taking the union of subtrees induced by wy,, ... wq., ;
where c; ... ¢4 are the non-comma, non-zero symbols appearing in 32, and

adding the node wy, and dependencies Wy, — Wh, - - -, Wd,, — W, to it.

cq
Note that T5 or T3 may be empty trees, since it is possible that the string
(b1 or [Bs do not contain any symbol except for zeros and commas. However,
both trees cannot be empty at the same time, since in that case we would
have p = 1.

With this, we divide this case into further cases:

i. If §; does not contain any comma: Then, by construction and by the
well-nestedness constraint, we know that the projection of wy in Ts is
of the form {wp} U [l,r]. Applying the induction hypothesis to 77, we
know that the item [4, j, h,[,r] is valid, and applying it to T», we know
that [I,r, h,o,0] is also valid. By applying a Combine Closing Gap step
to these items, we obtain that ¢ = [i, j, h,©,¢] is valid. Now, we divide
into further cases according to the form of (s:
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ii.

iii.

v.

V.

A. If Ty is empty (2 is empty except for a possible 0 symbol), then we
are done, as [i, ], h,©,¢| is already the item containing the tree 7'

B. If 85 does not contain a comma, then the projection of wy, in T3 is
of the form {wy} U [j + 1,k], so by induction hypothesis the item
[+ 1, Kk, h,o,0| is valid. By applying Combine Ungapped to this item
and ¢, we obtain [i, k, h, ¢, ¢|, the item containing the tree 7.

C. If B contains one or two commas, then the projection of wy in T3
is of the form {wp} U [j + 1,I' — 1JU [’ + 1,m], and by induction
hypothesis, [j + 1,k, h,l’,r'] is valid. By applying Combine Keeping
Gap Right to this item and ¢, we get that [i, k, h,l’, '] is valid, and
this is the item containing the tree T' in this case.

If 51 contains a single symbol, and it is a comma: In this case, T5 is empty,
but we know that 73 must be nonempty (since p > 1) and it must either
have no commas, or be of the form 33,0, corresponding to the expression
(v). In any of these cases, we know that the projection of wy, in T3 will be
of the form {wy }U[j+1, k]. Therefore, applying the induction hypothesis
to T1 we know that the item [i, 7, h,l, 7] is valid, and with T3 we know
that [j+1, k, h,©,©] is also valid. By applying the Combine Keeping Gap
Left step to these two items, we obtain [i, k, h, [, 7], the item containing
the tree T

If 31 is of the form “, (33”, where (3 is not empty and does not contain
commas: then, by construction and by the well-nestedness constraint, we
know that the projection of wy, in Ty is of the form {wy} U [I, 7], with
I <I' < r;so the items [i, ], h,l,r] (for T1) and [I',r, h,o,0| (for Ty) are
valid. By applying Combine Shrinking Gap Right to these two items, we
obtain that ¢ = [, j, h, 1,1’ — 1] is a valid item. Now, if 32 is empty, we are
done: ¢ is the item containing the tree T. And if (o is nonempty, then it
must either contain no commas, or be of the form f34,0 (corresponding to
the expression (v)). In any of these cases, we know that the projection of
wy, in T3 will be of the form {wy,}U[j+1, k]. So, by induction hypothesis,
the item [j + 1, k, h, ¢, ©] is valid; and by applying Combine Keeping Gap
Left to « and this item we obtain that [i, k, h,[,I’ — 1] is valid: this is the
item containing the tree T in this case.

If (1 is of the form “(3,”, where (3 is not empty and does not contain
commas, this case is symmetric with respect to the last one: in this case,
the projection of wy, in Tj is of the form {wy, }U[l, 7], with I <’ < r; and
the step Combine Shrinking Gap Left is applied to the item [l, 7/, h,©,¢]
(for Ty) and the item [z, , h, [, 7| (for T}), obtaining ¢ = [i,j, h, 7" + 1,7].
As in the previous case, if G5 is empty we do not need to do anything
else, and if it is nonempty we apply Combine Keeping Gap Left to obtain
[i,k, h,r" +1,r], the item containing T

If By is of the form “Bs3, 84", where B3 and (4 are not empty and do not
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contain commas: in this case, by construction and by the well-nestedness
constraint, we know that the projection of wy, in T5 is of the form {wp} U
(LU —=1]U[r' +1,7], with I <1’ <r' < r. With this, this case is analogous
to the previous two cases: from 77 we know that the item [é, j, h, [, 7] is
valid, and we combine it with the item [, 7, h,I’,7'] (from T%), in this case
using Combine Shrinking Gap Centre. With this, we obtain that the item
v = li,4,h,l';7"] is valid. If (B2 is empty, this is the item containing the
tree T'. If not, we make the same reasoning as in the two previous cases
to conclude that the item [j+ 1, k, h, 0, ¢] is valid, and we combine it with
¢ by the Combine Keeping Gap Left step to obtain [i, k, h,l’,r'], the item
containing T'.

vi. If 81 contains two commas: in this case, by construction of the valid tree
T, 51 must be of the form (3,0, 34, where 33 and (4 may or may not be
empty. So we divide into subcases:

A. If B3 and (B4 are both empty, we apply the same reasoning as in case
1-b-ii, except that in this case we know that (2 cannot contain any
commas.

B. If B3 is empty and (4 is nonempty, we apply the same reasoning as in
case 1-b-iii, except that in this case we know that F cannot contain
any commas.

C. If B3 is nonempty and 34 is empty, we apply the same reasoning as in
case 1-b-iv, except that in this case we know that 8 cannot contain
any commas.

D. If neither §3 nor B4 are empty, we apply the same reasoning as in
case 1-b-v, except that in this case we know that (3 cannot contain
any commas.

2. If o(T,wy) begins with the symbol 0:

a) If o(T,wp) begins with 01, we can apply the same reasonings as in case 1,
because the expressions for the projections do not change.

b) If o(T, wy) begins with 0 followed immediately by a comma, then we have an
annotation of the form (iv): 0,«, . In this case, we can apply symmetric
reasoning considering the last symbol of o(T,wy,) instead of the first (note
that the case a, 3,0 has already been proven as part of case 1, and all the
steps in the schema are symmetric).

As this covers all the possible cases of the order annotation o(T,wy,), we have com-

pleted the proof of the induction step for Lemma 1, and this concludes the proof of
completeness for the WG parsing schema.
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3.3 Computational complexity

The time complexity of WG is O(n"), as the step Combine Shrinking Gap Centre works
with 7 free string positions. This complexity with respect to the length of the input is as
expected for this set of structures, since Kuhlmann (2007) shows that they are equivalent
to LTAG, and the best existing parsers for this formalism also perform in O(n") (Eisner
and Satta, 2000). Note that the Combine step which is the bottleneck only uses the 7
indexes, and not any other entities like D-rules, so its O(n”) complexity does not have
any additional factors due to grammar size or other variables. The space complexity of
the parser is O(n”), due to the 5 indexes in items.

It is possible to build a variant of this parser with time complexity O(n®), as with
parsers for unlexicalised TAG, if we work with unlexicalised D-rules specifying the pos-
sibility of dependencies between pairs of categories instead of pairs of words. In order to
do this, we expand the item set with unlexicalised items of the form [é, j, C, [, 7], where
C' is a category, apart from the existing items [i, j, h,[,7]. Steps in the parser are dupli-
cated, to work both with lexicalised and unlexicalised items, except for the Link steps,
which always work with a lexicalised item and an unlexicalised hypothesis to produce
an unlexicalised item, and the Combine Shrinking Gap steps, which can work only with
unlexicalised items. Steps are added to obtain lexicalised items from their unlexicalised
equivalents by binding the head to particular string positions. Finally, we need certain
variants of the Combine Shrinking Gap steps that take 2 unlexicalised antecedents and
produce a lexicalised consequent; an example is the following:

[i,7,C, 1, 7] [+ 1,r C,12,72]
[i,4,1,12,72]

Combine Shrinking Gap Centre L:

such that cat(w;)=C

Although this version of the algorithm reduces time complexity with respect to the
length of the input to O(n%), it also adds a factor related to the number of categories,
as well as constant factors due to using more kinds of items and steps than the original
WGy algorithm. This, together with the advantages of lexicalised dependency parsing,
may mean that the original WG algorithm is more practical than this version.

4 The WG, parser

The WG parsing schema can be generalised to obtain a parser for all well-nested depen-
dency structures with gap degree bounded by a constant k(k > 1), which we call WG
parser. In order to do this, we extend the item set so that it can contain items with up
to k gaps, and modify the deduction steps to work with these multi-gapped items.

4.1 Parsing schema for WG,

The item set Zy gy is the set of all [4,7,h, [(I1,71),...,(lg,7¢)]] where i,j5,h,g e N,
0<g<k, 1<h<n, 1<i<j<n,h#j, h#i—1; and for each p € {1,2,...,g}:
lpyrp €N i <1y <1y <j,rp <lpp1—1, h#1l, =1, h#rp.
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An item [i, j, h, [(l1,71), ..., (lg,74)]] represents the set of all well-nested partial de-
pendency trees rooted at wy, such that [wy] = {wp} U ([, 5] \ U2 [lp, 7p]), where each
interval [l,, 7] is called a gap. The constraints h # j,h # i +1,h # [, — 1,h # 1, are
added to avoid redundancy, and normalisation is defined as in WGp. The set of final
items is defined as the set F = {[1,n,h,[]] | h € N,1 < h < n}. Note that this set is
the same as in WG, as these are the items that we denoted [1,n, h, ¢, o] in the previous
parser.

The parser has the following deduction steps:

Link: [h1,h1, A1, ][] [i2,72,h2,[(l1,71), - -+, (Lg, rg)]] s > s
(12,72, h1, [(l1,71), - -, (lg,7g)]]
such that wny € [i2,52] \ Uj— [lp, ]

Awpy & [i2,52] \ ngl[lpvrp]-

Combine Shrinking Gap Right:
[i7j7 h7 [(l17 T1)7 teey (lq—la rq—1)7 (lqv 7’/), (lsa rs)v teey (lga 7,g)H
[Tq + 17 ’I”/, hv [(lq+1a T‘q+1), sy (lsflv 7‘8*1)]]

[i,j, h, [(ll, 7"1), ey (lg, Tg)]]
such that g < k

Combine Opening Gap:
[i,lg — 1, b [(ly 1)y (lg—15mg—1)]] [rg + 1,m, b, [(lg+1,mg41)s -+, (Lgy 7g)]]

[7:7 m, h7 [(ll) T1)7 R (lg7 Tg)“
such that g < k and [, < rg,

Combine Shrinking Gap Left:
(6,7, Mo (L, 1)y ooy (Lgsmg)s (U3 7s)y (Ls1s Tst1)s - - - s (lg,79)]]
[l/’ ls —1,h, [(l(ﬁ-lﬂ TQ-H)? SRR (ls—h 748—1)“

[i)j)hv [(h?rl)?"‘?(lg’rg)]]
such that ¢ < k

Combine Keeping Gaps:
[Lj» h, [(ll’ Tl)v SRR (lqa Tq)]] [] +1,m, ha [(qurlv Tqul)a SRR (lga rg)]]
[i, m, h, [(11, 7"1), ey (lg, ’l“g)]]

such that g < k,

Combine Shrinking Gap Centre:
[i7j7 h7 [(l17 7'1), R (lqv 7al])? (l/7 74/)7 (l87 T'S), ceey (lg7 T'g)]]
[l/a Tl» h, [(lq+1a Tq+1)7 sy (lsfla 7‘571)“

[Z.aja hv [(llarl)v"'a(lgarg)“
such that g < k
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As expected, the WGy parser corresponds to WG, when we make k = 1. WG, works
in the same way as WG, except for the fact that Combine steps can create items with
more than one gap.

4.2 Proof of correctness for WG,

The proof of correctness for WGy, is analogous to that of WG, but generalising the
definition of valid trees to a higher gap degree. A valid tree in WGy, can be defined as
a partial dependency tree T', headed at wy,, such that

e (1) |wpy] is of the form {wy} U ([i,5] \ ngl[lp,rp]), with 0 < g <k,

e (2) All the nodes in T have gap degree at most k except for wy, which can have
gap degree up to k + 1.

With this, we can define correct items and correct final items analogously to their
definition in WG5.

Soundness is proven as in WG changing the constraints for nodes so that any node
can have gap degree up to k and the head of a correct tree can have gap degree k + 1,
the same reasonings can be applied to this case.

Completeness is proven by induction on #(|wp]), just as in WG1. The base case is
the same as in W &1, and for the induction step, we also consider the direct children
Wqy - - - Wq, in wp. The case where p = 1 is proven by using Linker steps just as in WG.
In the case for p > 1, we also base our proof in the order annotation o(T,wy,), but we
have to take into account that the set of possible annotations is larger when we allow
the gap degree to be greater than 1, so we must take into account more cases in this
part of the proof.

In particular, an order annotation o(T,wy,) for a valid tree for WG} can contain up
to k + 1 commas and up to k + 1 appearances of each symbol in {1} U...U {p}; since
the head of such a tree can have gap degree at most k + 1 and the rest of its nodes
are limited to gap degree k. If the head has gap degree exactly k + 1 (i.e., if o(T, wp)
contains k + 1 commas); then the constraint on the form of |wy,] in valid trees implies
that the symbol 0 cannot be contiguous to any non-comma symbol in o(7', wy,).

With this, the cases 1a) of the completeness proof for WG can be directly used for
WG, only taking into account that o(T,wy) can contain up to k + 1 commas. As a
consequence of this, instead of Combine Keeping Gap Right we use a general Combine
Keeping Gaps step with more than one gap allowed in its rightmost antecedent item. In
the cases 1b), we need to take into account that the symbol 1 can appear up to k + 1
times in o(T,wy). We write o(T,wy) as 181182 ...16,(g < k) and do with each §; (for
i < g) the same case analysis as we do with §; in the WG, case, and with §, the same
case analysis as with (5 in the W G4 case. Each of these cases is proven as in WG1, with
the difference that each string [; can contain more than one comma, so that instead of
the Combine Shrinking Gap steps in W G we need to use the general Combine Shrinking
Gap steps in WGy, which allow their inner items to have more than one gap. In the
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same way, the cases in which we used Combine Keeping Gap steps in the proof for WGy
are solved by using the general Combine Keeping Gap step in W GYy.

4.3 Computational complexity

The WG, parser runs in time O(n®*2): as in the case of WG, the deduction step with

most free variables is Combine Shrinking Gap Centre, and in this case it has 5 + 2k
free indexes. Again, this complexity result is in line with what could be expected from
previous research in constituency parsing: Kuhlmann (2007) shows that the set of well-
nested dependency structures with gap degree at most k is closely related to coupled
context-free grammars in which the maximal rank of a nonterminal is k + 1; and the
constituency parser defined by Hotz and Pitsch (1996) for these grammars also adds an
n? factor for each unit increment of k. Note that a small value of k should be enough
to cover the vast majority of the non-projective sentences found in natural language
treebanks. For example, the Prague Dependency Treebank contains no structures with
gap degree greater than 4. Therefore, a WG, parser would be able to analyse all the
well-nested structures in this treebank, which represent 99.89% of the total. Increasing
k beyond 4 would not produce further improvements in coverage.

5 Parsing ill-nested structures

The WG}, parser analyses dependency structures with bounded gap degree as long as they
are well-nested. This covers the vast majority of the structures that occur in natural-
language treebanks (Kuhlmann and Nivre, 2006), but there is still a significant minority
of sentences that contain ill-nested structures. Unfortunately, the general problem of
parsing ill-nested structures is NP-complete, even when the gap degree is bounded: this
set of structures is closely related to LCFRS with bounded fan-out and unbounded pro-
duction length, and parsing in this formalism has been proven to be NP-complete (Satta,
1992). The reason for this high complexity is the problem of unrestricted crossing config-
urations, appearing when dependency subtrees are allowed to interleave in every possible
way. However, just as it has been noted that most non-projective structures appearing
in practice are only “slightly” non-projective (Nivre and Nilsson, 2005), we characterise
a sense in which the structures appearing in treebanks can be viewed as being only
“slightly” ill-nested. In this section, we generalise the algorithms WG and WG to
parse a proper superset of the set of well-nested structures in polynomial time; and
give a characterisation of this new set of structures, which includes all the structures in
several dependency treebanks.

5.1 The MG, and MG, parsers

The WGy, parser for well-nested structures presented previously is based on a bottom-up
process, where Link steps are used to link completed subtrees to a head, and Combine
steps are used to join subtrees governed by a common head to obtain a larger structure.
As WGy is a parser for well-nested structures of gap degree up to k, its Combiner steps
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correspond to all the ways in which we can join two sets of sibling subtrees meeting these
constraints, and having a common head, into another. Therefore, this parser does not
use Combiner steps that produce interleaved subtrees, since these would generate items
corresponding to ill-nested structures.

We obtain a polynomial parser for a wider set of structures of gap degree at most
k, including some ill-nested ones, by having Combiner steps representing every way in
which two sets of sibling subtrees of gap degree at most £ with a common head can be
joined into another, including those producing interleaved subtrees, like the steps for
gap degree 1 shown in Figure 1. Note that this does not mean that we can build every
possible ill-nested structure: some structures with complex crossed configurations have
gap degree k, but cannot be built by combining two structures of that gap degree. More
specifically, our algorithm will be able to parse a dependency structure (well-nested or
not) if there exists a binarisation of that structure that has gap degree at most k. The
parser implicitly works by finding such a binarisation, since Combine steps are always
applied to two items and no intermediate item generated by them can exceed gap degree
k (not counting the position of the head in the projection).

More formally, let w; ...w, be a string, and T" a partial dependency tree headed at a
node wy. A binarisation of T is a tree B in which each node has at most two children,
and such that:

e (a) Each node in B can be either unlabelled, or labelled with a word w;. Note that
several nodes may have the same label (in the definition of a dependency graph,
the set of nodes was the set of words, so a word cannot appear twice in the graph).

e (b) A node labelled w; is a descendant of w; in B if and only if w; —* w; in T'.

The projection of a node in a binarisation is the set of reflexive-transitive children of
that node. With this, we can define the gap degree of a binarisation in the same way
as that of a dependency structure. If we denote by |[n]r the projection of a node n in
a tree T', the condition (b) of a binarisation can be rewritten as follows: w; € |w;|p <
w; € ijJT'

A dependency structure is mildly ill-nested for gap degree k if it has at least one
binarisation of gap degree < k. Otherwise, we say that it is strongly ill-nested for gap
degree k. It is easy to prove that the set of mildly ill-nested structures for gap degree k
includes all well-nested structures with gap degree up to k.

We define MG, a parser for mildly ill-nested structures for gap degree 1, as follows:

e the item set is the same as that of WG, except that items can now contain any
mildly ill-nested structures for gap degree 1, instead of being restricted to well-
nested structures; and

e deduction steps are the same as in WG7, plus the additional steps shown in Figure
1. These extra Combiner steps allow the parser to combine interleaved subtrees
with simple crossing configurations. The MG parser still runs in O(n7), as these
new steps do not use more than 7 string positions.
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(6,5, h, 1,7]

gy b1l 1k, m,
. . [l ks by + 1, ] Combine Interleaving Gap C: ————
Combine Interleaving: T h ol [i,k, hym,T]
[i, k. h, 0, ] such that m <r+1,
[i7j7h7l’r:| I:/l:?j?h7l?r:|
[k, hyr+ 1,4 [k,m, h,r 41, j]
Combine Interleaving Gap L: — - Combine Interleaving Gap R: —
[i,k,h,7+ 1,u] [i,m,h, 1,k —1]
such that u > 7, such that & > [.
Figure 1: Additional steps to turn WG, into MGy.
[iapiap-i-l - 17 h7 [(ia1+17 Z.az - 1)7 ey (iapfl—&—la iap - 1)]]
[iblvibq-i-l - ]-7 h? [(ibl-‘rla ibg - 1)7 sy (/L'bq71+17 ibq - 1)]]
[imin(al,b1)7 imax(ap—i—l,bq-‘rl) —1,h, [(i917ig1+1 - 1)7 sy (igr7igr+1 - I)H

for each string of length n with a’s located at positions a; ...ap(1 <a; < ... <ap <n),
b’s at positions by ...by(1 < by < ... < by < n), and g’s at positions g1 ...¢,(2 < g1 <
o< gr<n—1),suchthat 1 <p<k,1<q¢<k,0<r<k-—1,p+q+r=mn,and the
string does not contain more than one consecutive appearance of the same symbol.

Figure 2: General form of the MGy Combiner step.
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In order to generalise this algorithm to mildly ill-nested structures for gap degree k,
we need to add a Combine step for every possible way of joining two structures of gap
degree at most k into another. This can be done in a systematic way by considering a set
of strings over an alphabet of three symbols: a and b to represent intervals of words in
the projection of each of the structures, and g to represent intervals that are not in the
projection of either of the structures, and will correspond to gaps in the joined structure.
The legal combinations of structures for gap degree k will correspond to strings where
symbols a and b each appear at most k + 1 times, g appears at most k£ times and is not
the first or last symbol, and there is no more than one consecutive appearance of any
symbol. Given a string of this form, the corresponding Combiner step is given by the
expression in Figure 2. As a particular example, the Combine Interleaving Gap C step
in Figure 1 can be obtained from the string abgab.

Therefore, we define the parsing schema for MG}, a parser for mildly ill-nested struc-
tures for gap degree k, as the schema where

e the item set is the same as that of WGy, except that items can now contain any
mildly ill-nested structures for gap degree k, instead of being restricted to well-
nested structures; and

e the set of deduction steps consists of a Link step as the one in WGy, plus a set of
Combiner steps obtained as expressed in Figure 2.

5.2 Complexity

As the string used to generate a Combiner step can have length at most 3k + 2, and the
resulting step contains an index for each symbol of the string plus two extra indexes,
it is easy to see that the MGj parser has complexity O(n3*+%). Note that the item
and deduction step sets of an MG} parser are always supersets of those of WGj. In
particular, the steps for WGy are those obtained from strings that do not contain abab
or baba as a scattered substring.

5.3 Proof of correctness for MG,

In order to prove the correctness of the M Gy, parser, we will first introduce some prop-
erties of binarisations that arise as corollaries of their definition in Section 5.1. If a tree
B is a binarisation of a (partial) dependency tree T headed at wy,, then we have that:

e (i) A node w; appears in T if and only if a node labelled w; appears in B,
o (i) |wi]p = |wi]r,
e (iii) If the root of B is labelled, then its label is wy,.

Properties (i) and (ii) are direct consequences of condition (b) of the definition of
a binarisation. Property (iii) is obtained from (b) and property (i): the label of the
root node of B cannot be a wg # wp because this would require wy to be a transitive
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dependent of wy in T. These properties of binarisations will be used throughout the
proof.

As for the previous algorithms, we will start the proof by defining the sets of valid
trees and correct items for this algorithm, which we will use to prove soundness and
completeness.

Let T be a partial dependency tree headed at a node wy. We will call such a tree a
valid tree for the algorithm WGy, if it satisfies the following:

e (1) |wp] is of the form {wp} U ([i,7] \ ngl[lp,rp]), with 0 < g <k,

e (2) There exists a binarisation of 7' such that all the nodes in it have gap degree
at most k except for its root node, which can have gap degree up to k + 1.

Note that, since by property (ii) a binarisation cannot decrease the gap degree of a
tree, condition (2) implies that all the nodes in 7" must have gap degree at most k except
for wy, which can have gap degree at most k + 1.

That is, the definition of a valid tree in this case is as in WGy, but changing the well-
nestedness constraint to the weaker requirement of having a binarisation of gap degree
k (except for the particular case of the root node, which can have gap degree k + 1). As
in WG, and WGy, we will say that an item is correct if it contains some valid tree T'
licensed by a set of D-rules G, and throughout the proof we will suppose that all items
are normalised.

Given an input string w;...w,, a correct final item for MGy will have the form
[1,n,h,[]], and contain at least one valid tree T' rooted at a head wj, and with |wy]| =
[1,n], which is a complete parse for the input. Since in a tree contained in an item of
this form the projection of the head cannot have any gaps and thus the head has gap
degree 0, we have that there exists a binarisation of T such that every one of its nodes,
including the head, has gap degree at most k. Therefore, T is mildly ill-nested for gap
degree k and, more generally, final items in M Gy, only contain mildly ill-nested trees for
gap degree k, as expected.

To prove correctness of the MG}, parser, we need to prove its soundness and com-
pleteness.

5.3.1 Soundness

As in the proofs for the previous algorithms, we prove soundness of the MG}, parser by
showing that (i) hypotheses are correct, and (ii) if the antecedents of a deduction step in
WG are correct, then the consequent is also correct. (i) is trivial, since each hypothesis
in the MG} parser contains a tree consisting of a single node wy, which is trivially a
valid tree.

To show (ii), given a set of D-rules G, we must prove that if the antecedents of a
deduction step are items containing a valid tree for M G}, licensed by the D-rules in G,
then the consequent must also contain a valid tree for MG}, licensed by G. In order to
do this, we obtain a valid tree for the consequent item of each step from a valid tree for
each of its antecedents exactly in the same way as in W(Gy: by adding a new head node
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and linking the head of the antecedent tree to it, for Link steps, and by considering the
union of the trees corresponding to the antecedents, for Combine steps.

We can show that the resulting tree is licensed by G and that it satisfies the condition
(1) of a valid tree in the same way as we did in WG and WGj. So, to prove soundness,
it only remains to show that the resulting tree has a binarisation verifying the gap degree
constraint (2).

To prove this, we show that a binarisation satisfying (2) of the tree corresponding
to the consequent item can be constructed from the corresponding binarisations of the
antecedent items. We will prove the stronger claim that such a binarisation can be
constructed, with the additional constraints that: (3) its root node must be labelled
(therefore, by one of the properties of binarisations, its label corresponds to the head
node of the original tree) and can have at most one direct child, and that (4) the
binarisation can only contain more than one node labelled wy, if the item is of the form
[, 3, By [(l1,71) - - - (I, 7g)]] such that wy, € ([i, 5] \ U1 [lp, mp])-

In the case of each Link step adding a link wy — wp, such a binarisation can be
constructed by taking the binarisation B, corresponding to the non-initial antecedent
item, and linking its head to a new node labelled wy,. The resulting tree is a binarisation
of the consequent tree, and it satisfies (2) because the head can have gap degree at most
k+1 (by construction of the antecedents of Link steps, the antecedent item must have a
binarisation whose head does not have gap degree greater than k, and linking it to a new
head adds at most one gap); and the rest of the nodes have gap degree at most k because
their projections do not change with respect to the binarisation of the antecedent tree.
This binarisation trivially verifies (3), because its root node is labelled wy, and has the
head of the B, as its only child, and (4) because it can only contain one node labelled
wp, which is the root, as wj, cannot appear in B,.

In the case of Combiner steps, if By and Bs are the binarisations corresponding to the
antecedent items, we can construct a binarisation for the consequent B, from B; and
By as follows:

e If the consequent item is of the form [i,j, h,[(l1,71) ... (lg,7rg)]] such that w; ¢
([i, 9]\ U;g):1[lpa7"p])a then we take the binarisations By and Bs, we remove their
head nodes labelled wy, from them, we link the direct children of that head in each
of the two binarisations (which must be two, dy and ds, since By and Bs verify
condition (3)) to a fresh unlabelled node, and finally we link this unlabelled node
to wp. This tree B, is a binarisation for the tree in the consequent item obtained
by performing the union of two trees in the antecedent items. It can be shown
that the projection of wy, in B, satisfies condition (1) by construction, following
the same reasoning as in the proof for W(G1. And we can see that B, also meets
the constraints of (2) because:

— The projection of wy in B, is the union of the projections of wy in By and
By, which by construction of the consequent of Combiner steps, and property
(ii) of binarisations, must be of the form |wp, |5, = {wp} U ([i, 5] \U2=1[lp, 7))
with g < k. Since the gap degree of ngl[lp,rp]) cannot exceed k, the gap
degree of |wp|p, cannot exceed k + 1.
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— The fresh unlabelled node that we have added does not dominate any node
labelled wy,. We know this because no antecedent item cannot be of the form
described in (4), since if one of the antecedent items were of that form, then
the consequent item would be of that form too, by construction of consequent
items. Therefore, for the binarisations corresponding to antecedent items, we
know that they contain a single node labelled wy,, and thus our unlabelled
node does not dominate any node labelled wy,. Therefore, the projection of
this node must be |wp, | g, \ {wp}, which in this case equals ([7, 7] \U?_; [y, 7))
with g < k, and therefore the node has gap degree < k.

— The rest of the nodes in B, have the same projection as they had in B; or
Bs, so they have gap degree < k.

It can be seen that this binarisation also satisfies (3) and (4) because, by construc-
tion, it has a single node labelled wy which is its root, and this node has a single
child.

e If the consequent item is of the form [z, ], h, [(l1,r1)...(l4,74)]] such that wy €
([, 51 \ UJ=1[lp, 7p]), then we take the binarisations By and By, we remove their
head nodes labelled wy, from them, we link the direct children of that head in each
of the two binarisations (which must be two nodes, d; and dg, as By and By satisfy
(3)) to a fresh node labelled wp, and finally we link this node to another node
also labelled wj,. The obtained tree B, is a binarisation for the valid tree in the
consequent item obtained by performing the union of two trees in the antecedent
items. It satisfies condition (1) by construction, as in the previous case, and meets
the constraints of (2) because:

— By construction, the projection of both fresh nodes labelled wy, in this case
is |wp]B, U |wp]B,, and by the hypothesis of this case we know that that
projection is of the form |wy|p. = ([i, 4]\ Uj=1[lp; 7p]), and therefore has gap
degree at most k.

— The rest of the nodes in B, have the same projection as they had in By or
Bs, so they have gap degree < k.

This binarisation trivially verifies (3), and it also meets (4) because the item as-
sociated to the consequent is of the form that allows several nodes to be labelled
W, -

With this, we have proven that if an MGy step is applied to correct antecedents, it
produces correct consequents, and we conclude the soundness proof for MGy,.

5.3.2 Completeness

Proving completeness for the M Gy, parser consists of proving that all correct final items
are valid. We will show this by proving the following, stronger claim:
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Proposition 1. Let T be a partial dependency tree headed at node wy, and valid for

MGk Then, Zf Lth = {wh}U([l»J]\Ug:ﬂlpa ’rp])7 fOTP S k; th’e item [i,j, hv (lla Tl)a ceey (lg’ Tg)]
containing T is valid under this parser.

It is clear that this proposition implies the completeness of the parser: a final item
[1,n,h,]] is correct only if it contains a tree rooted at wy, valid for MGy and with
projection |wy| = [1,n]. By Proposition 1, having such a tree implies that the correct
final item [1,n, h, []] is valid. Therefore, this lemma implies that all correct final items
are valid, and thus that MGy, is complete.

Since valid trees for the M G}, parser must be mildly ill-nested for gap degree k, every
valid tree must have at least one binarisation where every node has gap degree < k
except possibly the head, that can have gap degree k + 1. We will call a binarisation
satisfying this property a well-formed binarisation for M Gy.

Using this, we can prove Proposition 1 if we prove the following lemma:

Lemma 2. Let B be a well-formed binarisation of a partial dependency tree T', headed
at node wy, and wvalid for MGy. If the projection of wy in T is |wp]r = |wi]p =
{wr} U ([¢,7] \ ngl[lp, rp)), for p < k, the item [i,j, h, (I1,71), ..., (lg,74)] containing T
1s valid under this parser.

5.3.3 Proof of Lemma 2

We will prove this lemma by induction on the number of nodes of B (denoted #B).
In order to do this, we will show that Lemma 2 holds for well-formed binarisations B
of trees T rooted at wy such that #B = 1, and then we will prove that if Lemma 2
holds for every well-formed binarisation B’ such that #B’ < N, then it also holds for
binarisations B such that #B = N.

Base case Let B be a well-formed binarisation of a partial dependency tree T', rooted
at a node wy, and valid for M G, and such that #B = 1. In this case, since B has only
one node, it must be a binarisation of the trivial dependency tree consisting of the single
node wy. Thus, Lemma 2 trivially holds because the initial item [h, h, h, []] contains this
tree, and initial items are valid by definition.

Induction step Let B be a well-formed binarisation of some partial dependency tree T',
headed at node wy, and valid for MGy, such that |wp]7 = {wn} U ([3, 5]\ Uj= [lp, 7)),
and #B = N; and suppose that Lemma 2 holds for every well-formed binarisation B’
of a tree T” such that #B’ < N. We will prove that Lemma 2 holds for B.

In order to do this, we consider different cases depending on the number and type of

children of the head node labelled wy, in B:

e If w, has a single child in B, and it is a node labelled wy (wg # wp): then,
the subtree B’ induced by wg in B is a binarisation of some tree T”, such that
|lwa |7 = |wr] 7\ {wr} (note that no nodes labelled wy, can appear in B’, since wy,
cannot be a dependent of wy). As #B’ < N and B’ is well-formed because all its
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nodes are non-head nodes of B; by applying the induction hypothesis, we obtain
that the item ¢ = [i,7,d, (l1,71),...,(lg,rg)] (which contains 77 by construction)
is valid. The item [4, j, h, (I1,71), ..., (lg,ry)] containing T' can be obtained from ¢
and the initial item [h, h, h, ()] by a Link step, and therefore it is valid, so we have
proven Lemma 2 in this case.

If wy has a single child in B, and it is an unlabelled node: call this unlabelled
node n. Then, the subtree B’ obtained from removing n from B and linking its
children directly to wy, is a binarisation of the same tree as B. We know that B’
is well-formed because its non-head nodes have the same projections as in B and
therefore must have gap degree < k and, as B is well-formed, n has gap degree
< k, so the subtree created by linking the children of n to wy, can have gap degree
at most k+ 1, and it only will have degree k+ 1 if |wp, | g/ \ {wp,} has k gaps. As B
and B’ are well-formed binarisations of the same tree, if Lemma 2 holds for B’, it
also must hold for B. As we know that #B’ < N (since it contains one less node
than B), Lemma 2 holds for B’ by the induction hypothesis, so this case is proven.

If wy, has a single child in B, and it is a node labelled wy,: then, the subtree B’
induced by this single child node is a binarisation of the same tree as B. We know
that B’ is well-formed because its nodes have the same projections as they had in
B, and therefore they must all have gap degree < k by the well-formedness of B.
Reasoning as in the previous case, since B and B’ are binarisations of the same
tree and we know that Lemma 2 holds for B’ for the induction hypothesis, this
implies that it holds for B as well.

If wy, has two children in B: in this case, regardless of whether the direct children
of wy, are labelled or unlabelled nodes, we call them ¢; and ¢y and consider two
partial dependency trees B} and Bj:

— Bj is the tree obtained by taking the subtree induced by ¢; and linking its
head c; to wy,

— B is the tree obtained by taking the subtree induced by ¢y and linking its
head co to wy,.

We know that all the nodes in B and Bj, except for the head, must have gap
degree < k because their projection in B and B} is the same as their projection
in B, which is a well-formed binarisation. We know that wp must have degree
< k+1in B} and Bj because, by construction, |wp|p; = [c1]pU{ws}, and [c1]p
has gap degree < k; and a similar reasoning can be made in B). Thus, we have
that B} and B) are well-formed binarisations.

By applying the induction hypothesis to Bf and B), we obtain that the items
containing their associated dependency trees 7] and T% are valid. By construction,
since ¢ has gap degree < k in B] and ¢y has gap degree < k in B}, the projection
of wy, in the trees T} and T% obtained by unbinarising B} and B} by removing the
unlabelled and redundant nodes will be the union of g; and g» intervals respectively,
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Structures
Language Nonprojective
Total By gap degree By nestedness
Total | Gap Gap Gap Gap Well- Mildly Strongly
deg. 1 deg. 2 deg. 3 d. >3 Nested [ll-Nest. | Ill-Nest.
Arabic | 2995 205 189 13 2 1 204 1 0
Czech | 87889 | 20353 19989 359 4 1 20257 96 0
Danish | 5430 864 854 10 0 0 856 8 0
Dutch | 13349 | 4865 4425 427 13 0 4850 15 0
Latin | 3473 | 1743 1543 188 10 2 1552 191 0
Portuguese | 9071 | 1718 1302 351 51 14 1711 7 0
Slovene | 1998 555 443 81 21 10 550 5 0
Swedish | 11042 | 1079 1048 19 7 5 1008 71 0
Turkish | 5583 685 656 29 0 0 665 20 0

Table 1: Counts of dependency trees classified by gap degree, and mild and strong ill-nestedness
(for their gap degree); appearing in treebanks for Arabic (Haji¢ et al., 2004), Czech
(Haji¢ et al., 2006), Danish (Kromann, 2003), Dutch (van der Beek et al., 2002), Latin
(Bamman and Crane, 2006), Portuguese (Afonso et al., 2002), Slovene (Dzeroski et al.,
2006), Swedish (Nilsson et al., 2005) and Turkish (Oflazer et al., 2003; Atalay et al.,
2003).

for g1, 92 < k+ 1. We also know that the union of the projections of wy, in 7] and
Ty is the union of g. < k + 1 intervals, and is the same as the projection of wy,
in T. Therefore, as the indexes of the Combiner steps in MG}, correspond to all
the ways in which two unions of up to k + 1 intervals each can be combined into
another by performing their union, we know that the item that contains T can be
obtained from the items containing 77 and T3 by a Combiner step, and thus this
item is valid, concluding the completeness proof.

5.4 Mildly ill-nested dependency structures

The MG}, algorithm defined in the previous section allows us to parse any mildly ill-
nested structure for a given gap degree k in polynomial time. We have characterised the
set of mildly ill-nested structures for gap degree k as those that have a binarisation of
gap degree < k. Since a binarisation of a dependency structure cannot have lower gap
degree than the original structure, the set of mildly ill-nested structures for gap degree
k only contains structures with gap degree at most k. Furthermore, the set of mildly
ill-nested structures for gap degree k contains all the well-nested structures with gap
degree up to k.

Figure 3 shows an example of a structure that has gap degree 1, but is strongly
ill-nested for gap degree 1. This is one of the smallest possible such structures: by
generating all the possible trees up to 10 nodes (without counting a dummy root node
located at position 0), it can be shown that all the structures of any gap degree k with
length smaller than 10 are well-nested or only mildly ill-nested for that gap degree k.
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o 1 2 3 4 5 6 7 8 9 10

Figure 3: One of the smallest strongly ill-nested structures. This dependency structure has gap
degree 1, but is only mildly ill-nested for gap degree > 2.

Even if a structure 7' is strongly ill-nested for a given gap degree, there is always some
m € IN such that 7" is mildly ill-nested for m (since every dependency structure can
be binarised, and binarisations have finite gap degree). For example, the structure in
Figure 3 is mildly ill-nested for gap degree 2. Therefore, MGy parsers have the property
of being able to parse any possible dependency structure as long as we make k large
enough.

In practice, structures like the one in Figure 3 do not seem to appear in dependency
treebanks. We have analysed treebanks for nine different languages, obtaining the data
presented in Table 1. None of these treebanks contain structures that are strongly ill-
nested for their gap degree. Therefore, in any of these treebanks, the MGy, parser can
parse every sentence with gap degree at most k.

6 Conclusions and future work

We have defined a parsing algorithm for well-nested dependency structures with bounded
gap degree. In terms of computational complexity, this algorithm is comparable to the
best parsers for related constituency-based formalisms: when the gap degree is at most
1, it runs in O(n"), like the fastest known parsers for LTAG, and can be made O(n®)
if we use unlexicalised dependencies. When the gap degree is greater than 1, the time
complexity goes up by a factor of n? for each extra unit of gap degree, as in parsers
for coupled context-free grammars. Most of the non-projective sentences appearing
in treebanks are well-nested and have a small gap degree, so this algorithm directly
parses the vast majority of the non-projective constructions present in natural languages,
without requiring the construction of a constituency grammar as an intermediate step.

Additionally, we have defined a set of structures for any gap degree k which we call
mildly ill-nested. This set includes ill-nested structures verifying certain conditions, and
can be parsed in O(n?*4) with a variant of the parser for well-nested structures. The
practical interest of mildly ill-nested structures can be seen in the data obtained from
several dependency treebanks, showing that all of the ill-nested structures in them are
mildly ill-nested for their corresponding gap degree. Therefore, our O(n3*+%) parser can
analyse all the gap degree k structures in these treebanks.

The set of mildly ill-nested structures for gap degree k are defined as the set of struc-
tures that have a binarisation of gap degree at most k. This definition is directly related
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to the way the MGy, parser works, since it implicitly finds such a binarisation. An inter-
esting line of future work would be to find an equivalent characterisation of the set of
mildly ill-nested structures which is more grammar-oriented and would provide a more
linguistic insight into these structures.
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