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Multiplanarity —
a Model for Dependency Structures in Treebanks

Anssi Yli-Jyra
Department of General Linguistics, University of Helsinkinland
anssi.yli-jlyra@helsinki.fi

1 Introduction

The number of treebanks available for different languagagdwing steadily. A
considerable portion of the recent treebanks use annotatitemes that are based
on dependency syntax. In this paper, we give a model for igtigally adequate
classes of dependency structures in treebanks. Our mddstésl using the Danish
Dependency Treebank [13].

The modern dependency syntax was pioneered by TesniéreH&7¢ore con-
cepts, binary dependencies and unigue heads, are mostidshahe recent de-
pendency syntactic theories [6, 9, 18, 24, 26]. These theatress the functional
structure, while paying much less attention to linear wadka

Lecerf’s projectivity hypothesis [15, 17] assumes a constraint on linear word-
order in dependency analyses. It says that if a wbdipends directly on a word
and some word’ intervenes between them in linear order, tliédepends directly
on A or on B or some other intervening word[23]. The projectivity coasit
has been a popular simplification in many computational ddgecy grammars
since 1960's [4]. It does not only make parsing algorithrmspte and efficient
[16], but also equips us with neat ways to visualize analysdéth an equivalent,
constituent based representation for dependency tre&$,[dnd with a criterion
for stylistically marked analyses [27, 22] and for abnorimébrmation structure
[10]. The tendency that sentences admit projective anallyas been observed in
many languages, including French [15], Swedish [20], EhrjiL], and Turkish
[21].

Unfortunately, projectivity does not lend itself to adetgureatment of cer-
tain non-local syntactic phenomena which are extensivielgiad in the literature
of constituent-based theories such as TG, GB, GPSG, TAQ,e6d Among these



phenomena are scrambling, topicalizations, WH-movemete# sentences, dis-
continuous NPs, and discontinuous negation.

While projectivity is a linguistically motivated preferea for simpler analyses,
Tesniére’'s dependency syntaxnien-projective Dependency syntactic accounts
of non-projective word-order are usually based on simelbars specification of
syntactic order and linear order (eg. [9, 10]) or on mechmasigelating syntactic
tree and the surface (eg. [18]). However, there is a tremendeed for a simple
theory-independent model that would somehow generaligeptbjectivity con-
straint to non-projective analyses.

Earlier, a few relaxed models somewhat similar to projégtimave been pro-
posed. These includguasi-projectivity[17], planarity [25], pseudo-projectivity
[12], meta-projectivity19], andpolarized dependency grammdg&j. None of the
these models is motivated by formal language theory.

The current work presents a new word-order model with a deanection
to formal language theory. The modetultiplanarity with a bounded number of
planes is based on planarity [25], which is itself a generalizatid projectivity.

The multiplanarity is defined in Section 2. In Section 3 wdriessets of
multiplanar analyses to a mildly context-sensitive sub&siction 4 formularizes
some more standard constraints such as head-uniquenesbeaexistence of a
root. The adequateness of the restricted multiplanaribpgnty is evaluated in
Section 5.

2 Dependency Graphs

Consider a sentence = wjws...w, and the set of word®” = {wy, wo, ..., w,}
of the sentenc#. Assume an (unlabeled) syntactic structure given by thariire-
lation w; governs w;. We define thatv; linked w; if and only if w; governs w; v
w; governs w;. We define thatv; prec w; if i +1 = j. For any binary relatiom,
let R* denote its reflexive transitive closure.

A dependency graph of the senterités a directed graply = (1, governs),
where the set of wordgl is its set of nodes and thgoverns is its set of arcs.
A dependency graph with linear precederaredependency analysis a directed
graphH = (W, prec U governs), wheregovernsU prec is the set of arcs it .

Projectivity

The standard definition of projectivity constraint [4] isfaflows: if A prec* B
and B prec* C and A linked C' then A governs® B or C governs® B. Projectiv-
ity forbids all crossing dependencies and cycles of lengthr@ore [20]. However,



projectivity implies neither that the graph be connectedthat it be acyclic.

Planarity

Planarity of a dependency tree is the requirement that the links donessavhen
drawn above the sentence [25]. Despite of its similarityhwgtojectivity, it is a
looser property [7]. Formally, thplanarity restriction says: ifA prec® B and (not
B prec* C andA linked C then A linked* B or C linked* B. It should be noted ™€)
that a planar dependency graph may have cycles of any length.

Planarity is a linguistically well-motivated relaxation the projectivity con-
straint. In the Danish Dependency Treebank [13], for exantplere are trees that
are planar, but not projective (Figure 1).

m\ A~ N A (op0)

[Dlet kan jeg ikke holde ud Det var samme 4ar , at Erik kom til byen hese

[T]hat can 1 not bear - It was the same year when Erik came to the town planar

Figure 1:These sentences are not planar because both of them have#lipdied nodes but not

(det .. holde, det .. at) that are governed by an interveniatgrikan, var). J.per;'ive

Multiplanarity

We have chosen to use planarity as the core notion that wealzeein the fol-
lowing definition: A dependency graph with linear precedgeré = (W, prec U
governs), is m-planar, if the arcs inprec U governs can be divided inton dis-
joint setsprec, governs,, governs,, ..., governs,, such that for alk = 1..m, the
subgraphH; = (W, prec U governs;) is planar.

If a classC' of dependency graphs is-planar for somen, we say that the
classC' is amultiplanar with a bounded number of planédultiple planes adds a
discrete third dimension. The arcs, or links in differerarn@s are arranged together
by means of the first two dimensions shared by the subgrajpdpsré2).

A linguistically interesting problem is to find out if thers & bound for the
number of planes needed to give dependency analyses faahktnguage sen-
tences.

The sequential presentation

Each planar dependency graph= (W, prec U governs) can be represented as
a bracketed string In order to construct such a presentation, take the string o
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subgraphs in two plang w’ prevw

. v w —W
crossing dependency. i W — W

w head-of v
tree in a plane

Figure 2:We represent crossing arcs in separate planes. More eigrpssver is gained
by laying a finite number of planes above each other. Crygilidlear order of words is
part of each subgraph.

graph nodes, i.e. the sentenecews . .. w,. Immediately before each word; in
the string, insert a right bracket for every dependency doinecting the word to
something on the left. Immediately after each wargdin the string, insert a left
bracket for every dependency link connecting the word toegthing on the right.
To indicate the direction of the dependency links, two défé sets of marked
brackets are used: when the head is on the left end of thedi&kset of brackets,
{[?,]}, is used; when the head is on the right end of the link, therathe,{[, 7]},
is used;

Now, if we have a dependency graph thatisplanar, we can take each of the
m subgraphdd; = (W, prec U governs;) and represent it by means of brackets.
If distinguished sets of brackets are used in the encodingaoh subgraph, all
the brackets can be inserted into a single copy of the semtgnd.et \ denote
any string of left brackets andany string of right brackets. The structure of the
resulting bracketed string will be as follows:

WL APW2APWIA.... )Wy 1 APW, -

When the dependencies have labels as they do in the usuahdonpwe can
indicate the corresponding label in the brackets. We justalavant to complicate
the model of the word-order. In figures of this paper, we iatiiche label in the
bracket on the dependent’s side (Figure 3).

The correspondence to multi-pushdown automata

Our representation of dependency graphs by means of dighed brackets is
actually a simulation of a multi-pushdown automaton, stalgghabets of which
contain only one symbol. Informally, an opening bracketregponds to a PUSH
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Very clearly projected diagrams appeared

[mod ? J[mod ?][mod ? ][subj 7]

Figure 3: The analogy of bracketed string and dependency links. Iremmomplicated
analyses (eg. Figure 4), the sequences of closing braclettacked downwards under
the corresponding word and the sequences of opening bsaateestacked upwards under
the corresponding word. The highest plane occupies thedspiines under the sentence,
while the lines of the first plane are in the bottom.

operation, which writes a stack symbol to a pushdown, andsing bracket cor-
responds to a POP operation, which reads a symbol from a pwshd he depen-
dency graphs, which we presented as unlabeled, can obyialgsl be extended so
that each dependency type has a unique label, correspatodimg of the symbols
in an extended stack alphabet of a pushdown automaton. Irca@s®, using an
automaton with several pushdowns is complexity-thecalyiclangerous, because
two pushdowns (stacks) can simulate movements of a Turirgiime [8].

3 Alignment constraints

Joshi has presented the hypothesis [11] that grammars ofdtelled mildly
context-sensitive languages (MCSksg capable of associating correct syntactic
structures to natural language sentences. One of the dgfiniteria for MCSLs
is that the kinds of dependencies captured by the class strected to nested de-
pendencies and to certain crossing dependencies. Thdseletice crossing de-
pendencies of the so-called MIX language, the strings o€whbnsist of an equal
number of a’s, b’s, and c’s that may be in any order.

Multiplanarity is a very loose constraint: for every dependy graphH, there
exists an intergem such thatH is m-planar. Therefore, if we want to describe
only MCSLs, we have to assume a bound for the number of planeseadiowr
we have to give some other sufficient restriction. In fornzsiguage theory, re-
strictions to the pushdown operations have been proposedngiance Extended (typo)
Linear Indexed Grammar&LIGs) [28], which can be implemented with a multi'—’r‘;‘r’;"n’l;rs
pushdown automaton, impose the following restriction: Uymay pop symbols a,im com-
from any pushdown what you want, but you must push symbolseé@ame push-Pposite
down than last time, or to start using the next pushdown irptiedefined order”. fﬁ;ﬁgeiz
It has also been known for a while that Linear Indexed Gramn(iaiGs) [5] are 2001)
among the grammars that generate MCSLs.

Following the technique applied in ELIGs, we give the follogr alignment

constraints on the multiplanar dependency graphs:



Plane Locking If there are wordsv;, w; andwy, such that < j < k, and a plane
Py CONtaining a linki; that connects words; andwy, the a plane,, v < u,
is not allowed to contain any link such that, connects the word; to the
right.

Left Conjoin There are no pair of linkg andi> both connecting a word; to the
right so that the link$,; andi, occupy different planes;

Continuous Tiling For any wordw;, there is no link connecting it to the right in
the planep, if the planep is not the bottom plane and there is no link the
planesp andp— 1 connecting a pair of words; andw,, such thayj < i < k.

The last constraint is not necessary, but it is added in dode@inimize the number
of planes. The three constraints given here can be appledépendency analysis
in order to determine the arrangement of links in differdahps and the minimal
number of planes needed when the constraints are satisfiedeoler, it seems
feasible to incorporate these constraints into a depegydemser that implements
a multi-stack automaton.

Kruijff [14] has pointed out the need of a language theoretimplexity hier-
archy for dependency grammars. It seems that comparingptaniar dependency
grammars (with the alignment constraints) to extendedlinedexed grammars is
a possible way to establish a language theoretic compléignarchy for depen-
dency grammars, because Wartena [28] has shown that egtéindar indexed
grammars withn index stacks (pushdowns) give rise to thin member of the
Weir’s hierarchy [29] of mildly context-sensitive gramrear

4 Other constraints

We will now give more familiar constraints that apply to degency syntactic
structures. These constraints are known under many diffesmes, but there is a
high degree of agreement on them in dependency syntactideke

SingleHead Each word has at most one head;

Unique Root All the words in the sentence have a head, except the rootwihic
unique;

No Self-Dependencies No word depends on itself.

In addition to these, it is often required in the dependenayextic theories that
the dependency graph does not contain longer cycles ellemause we already



know, that each word has at most one head, there are two pitissib Either the
graph is cyclic and unconnected, or it is acyclic and coretkctn the latter case
the graph is a tree. The following constraint is implies dicity in a dependency
structure. Although it cannot detect acyclicity in all ceigélicenses us to describe
a large class of dependency trees without resorting to theieity test, which is
of a global nature.

Cycle-Cutting Ifthere are wordsv;, w; andwy, such that < j, k, w; governs w;,
andw; governs w;, then one of the following conditions hold:
o for every wordw.,., it is not the case thab, governs wy.
¢ for every wordw,., it is not the case that; governs w,..

e There is an index, min(j, k) < s < max(j, k) such that it is not
the case that there are indicks:, v, z such that, v < s < v,z and
wy governs w, andw, governs w,.

e Y e Y Ve R Yan

Det er Gerhard , der har forhandlet med Hans , sd spgrg Gerhard om det .
it is Gerhard who has negotiated with Hans SO ask  Gerhard about it (typo)
[?* pred!] - [subj! 21][?* vobj!][?* pobj!][?* nobj!] - . . . spgrgnot
n . - . . . -« mod'] - relevant
[subj ?1] . . . S [? dobj ] . B
[? - rel ] - - - - [?7 vobj1[? - pobj 1[? nobj ] -

Figure 4: An analysis that satisfies the Cycle-Cutting constrainnhuderw;="er” or
w;="sporg”) (tr. “It is Gerhard who has negotiated with Hansgimn, so ask him about
it.”)

5 TheDanish data

In order to see how our model fits actual data we carried oueraxggnts with
the Danish Dependency Treebank (DDT) [13]. The treebankistmof 5540 sen-
tences and 100200 words. The dependency graphs in DDT altigicontained
secondary, referentially motivated links, calle®lc,REF, andFiLLC. We discarded
these links, because they provided secondary heads to somls.wWWe also re-
moved all dependency links for punctuation marks, becagssuspected that their
annotation is quite dependent on conventions. Our positesithat the function of
punctuation marks is related to their linear position rathan to a head-modifier
relationship. If they, however, were included, one or twaenglanes would have
been needed, because connecting the root verb to the seftencdary enforces
projectivity to planar analyses [7].



We observed in DDT that crossing dependencies were typicalised by dis-
continuous coordinators, relative clauses, and cleftesems. A surprising obser-
vation was that these phenomena combined relatively aftench a way that two
or more crossing dependencies resulted. There were onlgdniences that were
not multiplanar with three planes (Figure 5).

1V7§;?/'\; \\7/?:;§ ~N NN

Det har bade noget med stolene og bordet at ggre —  og pladsen udenom .
it has both sthing with the chairs and the table to do and the area outside
. . . . [7* coord*][?* conj*] [?7* vobj*] . .
. [?7* . . . - coord*]
[23 nobj3] - -
[pobj? . ]
. [ . . . nobj?]
. - [mod! - . . | . . . . . . .
[subj ?1[? - dobj] - . . . . . . [? conj J[? mod ]

e T T e B

Parken har  fejl og mangler , som fodbold—publikummet hverken kan  eller vil  leve med .
Parken has faults and flaws that football audience neither can or will accept —
. . . . - - . [ coord®][?* conj?] .
[ . vobj3]
. [mod? . 2] . . . .
[subjt . 7] . . [ pobj!] -

. . [m;bj' M
[? coord J[?  conj ] .

[su‘bj 2 ]‘[? dobj 1[? rel ]

Figure 5:Two complex sentences that are Agilanar under the constraints of the section
4. (tr. “It has something to do both with the chairs and thdetaband the area outside.”
“Parken [the Copenhagen football stadion] has faults andsfthat football audience nei-
ther can nor will accept.”)

We made an unsuccessful attempt to prove that differeneplanrrespond to
some kind of hierarchy of dependency types, as it was oumatliguess. Never-
theless, it became clear in our model that a higher plan@isdiy introduced after
an interrogative pronoun, informal subject or some otheugence of dunction
word.

The sentences like those in Figure 1 are not projective. 4@ to arrange the
non-projective links to different planes so that projatyiwas satisfied separately
in each plane. However, this kind of strategy resulted inemynmore planes,
which we considered worse than adoption of planarity.

We also tried other ways to generalize the notion of projdgtto alignment
planes. For example, we examined the direction of depemnsehetween two
planes. Unfortunately, we observed in our model that a gmreof a lower plane
was sometimes governed by a governor in the higher planes@ndtimes it was
the other way round. It became obvious the generalized giraigy does not work



out very well with our alignment constraints. Arranging dagencies to a minimal
number of planes while keeping in mind the generalized ptvjéy constraint
probably requires a constraint solver, which we did not aieestime of the current
experiments.

It should be noted that the failure of some tested hypothiesttgs study de-
pend crucially on the actual choice of the collection of ¢mists. We argue,
however, that our collection of constraints is quite robfmttwo reasons: (i) they
seem to minimize the number planes, and, (ii) the sufficientiion for acyclicity
of dependency graphs held almost in 100% of the cases. Iti@dtth the special
cases involving the dependencggsbj (direct quotations) andoc(vocatives), there
were only two sentences that did not satisfy the Cycle Quitionstraint (Figure
6).

mmmﬁ@ﬁ

Politiet ngjes med fastsla s at der ingen sammenhe@ng er mellem dgdsfaldene
The Police was satisfied ~ with the conclusion that there no  connection is between the deaths
: . : : : : : : : ™ : pobj']
[? nobj ] - .
[dobj - 7]
. . . . . . . lexpl - . 7] . .
[subj 210? pobj 1[? nobj 1[?  vobj 1[? - dobj I[? - . . vobj1 [? nobj
m AN
S& dum som dig , er der s’gu’” da ingen , der har lov til at vere , Einar !
as stupid as you no—one there has  aright to [inf.] be Einar
. . . . - [ expl?] . . . . . . . . . .
- [7? - mod? . - .
[z - mod?] . - [subiz 7] . . . . .
[ . - dobj?][?? - - rel?][?* dobj?][?? pobj2][?? nobj?][?? vobj?] -
. . [ . . . . . . . . . . . voc?] -
[ nobj!] - - . . . . . . . . . . .
[pred! - . - . . . . B . . . . 7]
[mod ?] . S . . . . - . . . . .
- pobj]

Figure 6: Two sentences that failed to satisfy the Cycle Cutting-trairg (with
="ingen”, or w;="er"). (tr. “The police was satisfied with the conclusioratithere
|s no connection with the deaths.” “No-one is allowed to bstapid as you, Einar.”)

6 Concluding remarks

We have studied a hypothesis of constraints that can be &dpms non-projective
dependency analyses. In its most general form, our relagesiion of projectivity,
calledmultiplanarity, is a very wide characterization for structures. It accepts
only dependency trees, but also more general dependenglisgrahe relevance



of the unrestricted model is questioned by the consideratielated to formal lan-
guage theory. This motivates a restricted model of muligtiy, based omlign-
ment constraintdetween separate planes, similar to certain restrictices in
Extended Linear Indexed Grammars [28]. (typo)
In the restrictions imposed to define dependetregs we did not make use‘r’;rong
of the acyclicity and connectedness constraints, whiclotiem stipulated in de-
pendency parsing [20, 2]. Instead, a reasonably good ogeevas achieved by a
sufficientcondition for acyclicity.
The final model was tested with the Danish Dependency Tréela}, and
it produced mainly very shallow multiplanar representatio The simplicity of
our model suggests many applications in processing of dispey trees. The
model can be used, for example, as a tool for validation oéddency structures
in dependency treebanks. It is also useful in data miningeravides us with a
way to find out non-prototypical analyses. Our model suggasbasis for the
complexity hierarchy of dependency grammars, and mosvatelass of efficient
parsers that cope with mildly context-sensitive sets ofpanjective dependency
trees. Finally, it seems feasible that such a parser candilg epproximated using
finite state methods. All these possibilities may have aaceéfon the way the
treebanks are built in the future.
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