
program
var b: bool;
var a: int;
begin

var b: int;
b:=a;

end;
b:=a

end.
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Figure: The context-free grammar generating a simple programming language.
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Figure: Syntactic description of the program.
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Syntax of natural languages

“Syntactic descriptions are concerned with three basic types of relationships
in sentences: sequence, e.g. in English adjectives normally precede the nouns
they modify, whereas in French they normally follow; dependency, i.e. rela-
tions between categories, e.g. prepositions may determine the morphological
form (or case) of the nouns which depend on them in many languages, and
verbs often determine the syntactic form of some of the other elements in a
sentence —see below); and constituency, for example a noun phrase may
consist of a determiner, an adjective and a noun.” [Hutchins and Somers,
1992]

sequence: red wine - vin rouge
dependency: für den Vertrag, in dem Vertrag
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Example of a phrase structure tree

NP

NP

NP

DT

A

NN

hearing

VP

VBZ

is

VP

VBN

scheduled

PP

IN

on

NP

DT

this

NN

issue

NP

NN

today

.

.

NNP

*CR*
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Penn Treebank part-of-speech tags [Marcus et al., 1994]

No Tag Description
1. CC Coordinating conjunction
2. CD Cardinal number
3. DT Determiner
4. EX Existential there
5. FW Foreign word
6. IN Preposition or

subordinating conjunction
7. JJ Adjective
8. JJR Adjective, comparative
9. JJS Adjective, superlative
10. LS List item marker
11. MD Modal
12. NN Noun, singular or mass
13. NNS Noun, plural
14. NNP Proper noun, singular
15. NNPS Proper noun, plural
16. PDT Predeterminer
17. POS Possessive ending
18. PRP Personal pronoun

No Tag Description
19. PRP$ Possessive pronoun
20. RB Adverb
21. RBR Adverb, comparative
22. RBS Adverb, superlative
23. RP Particle
24. SYM Symbol
25. TO to
26. UH Interjection
27. VB Verb, base form
28. VBD Verb, past tense
29. VBG Verb, gerund or present par-

ticiple
30. VBN Verb, past participle
31. VBP Verb, non-3rd person singular

present
32. VBZ Verb, 3rd person singular

present
33. WDT Wh-determiner
34. WP Wh-pronoun
35. WP$ Possessive wh-pronoun
36. WRB Wh-adverb
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Penn Treebank syntactic tagset [Marcus et al., 1994]

No Tag Description
1. ADJP Adjective phrase
2. ADVP Adverb phrase
3. NP Noun phrase
4. PP Prepositional phrase
5. S Simple declarative clause
6. SBAR Clause introduced by subor-

dinating conjunction or 0
7. SBARQ Direct question introduced

by wh-word or wh-phrase

No Tag Description
8. SINV Declarative sentence with

subject-aux inversion
9. SQ Subconstituent of SBARQ

excluding wh-word or wh-
phrase

10. VP Verb phrase
11. WHADVP wh-adverb phrase
12. WHNP wh-noun phrase
13. WHPP wh-propositional phrase
14. X Constituent of unknown or

uncertain category
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corpora: constituent treebanks

I Penn Treebank (for English, 2.499 stories from Wall Street Journal)
I TIGER Corpus (versions 2.1 and 2.2) (German, 50k sentences) [Brants

et al., 2004]
I Japanese Verbmobil treebank (Japanese, 20k) (Kawata and Bartels, 2000),
I The Bosque part of the Floresta sinta(c)tica (Portuguese, 162.484 lexical

units) (Afonso et al., 2002),
I Alpino treebank (Dutch, 150.000 words, newspaper articles) (van der Beek

et al., 2002b; van der Beek et al., 2002a)
I . . .

Linguistic Data Consortium https://www.ldc.upenn.edu/

8/113

https://www.ldc.upenn.edu/


Discontinuous phrase structure tree

VP

V

hat gekocht

ADV

schnell

hat 1 schnell 2 gekocht 3

(has) (quickly) (cooked)

9/113



Dependency trees [de Marneffe and Manning, 2008]

I dependency relation: advmod (adverb modifier)
An adverb modifier of a word is a (non-clausal) adverb or adverb-headed
phrase that serves to modify the meaning of the word.
“Genetically modified food” advmod(modified, genetically)
“less often” advmod(often, less)

I dependency relation: conj (conjunct)
A conjunct is the relation between two elements connected by a
coordinating conjunction, such as “and”, “or”, etc. We treat conjunctions
asymmetrically: The head of the relation is the first conjunct and other
conjunctions depend on it via the conj relation.
“Bill is big and honest” conj(big, honest)
“They either ski or snowboard” conj(ski, snowboard)
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Dependency trees [Nivre, 2009]

0ROOT 1A 2hearing 3is 4scheduled 5on 6the 7issue 8today 9.

ROOT

SBJDET
NMOD PC

DETVG

P
ADV
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Alternatives for the illustration of dependency trees. (i)

1

dat Jan Piet Marie zag helpen lezen

nsub
dobj dobj

nsub
nsub

ROOT
[Nivre, 2008]

[Kuhlmann, 2013]

(This tree has a child order)

2

if we fix a child-order
of nodes

zag

Jan

ns
ub

helpen

Piet
nsu

b

lezen

Marie

nsub

dobj

dobj

(dat) Jan Piet Marie zag helpen lezen

4

(zag, 〈1202〉)

(Jan, 〈0〉) (helpen, 〈12, 02〉)

(Piet, 〈0〉) (lezen, 〈1, 0〉)

(Marie, 〈0〉)

(order annotated tree)

[Kuhlmann and Möhl, 2007]

〈x y1 zag y2〉

〈Jan〉 〈x y1,helpen y2〉

〈Piet〉 〈x , lezen〉

〈Marie〉[Kuhlmann, 2013]

add DEPR
EL

3

dat Jan Piet Marie zag helpen lezen

nsub

nsub

nsub

dobj

dobj

if dep.tree is
order-preserving
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Alternatives for the illustration of dependency trees. (ii)

6 zag

Jan helpen

Piet lezen

Marie

Jan Piet Marie zag helpen lezen
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corpora: dependency treebanks

I TIGER (German, 50k) Forst et al. [2004],
I NEGRA (German, 20k sentences) [Skut et al., 1997],
I Prague Dependency Treebank (Czech, 88k (version 3.0)) [Böhmová et al.,

2003],
I Prague Arabic Dependency Treebank (Arabic, 28k paragraphs (version

2.0)) (Hajič et al. 2004), (Smrž et al., 2002), (Smrž et al., 2008)
I Slovene Dependency Treebank (Slovene, 2k) (Džeroski et al. 2006)
I Danish Dependency Treebank (Danish, 5k) (Kromann, 2003),
I Talbanken (Swedish, 6k) (Teleman, 1974; Einarson, 1976; Nilsson, 2005),
I Metu-Sabanci Treebank (Turkish, 7k) Oflazer et al. 2003; Atalay et al.

2003)
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Alternative illustrations of hybrid trees

VP

V

hat gearbeitet

ADV

schnell

11 21 12≺ ≺

(a)

VP

V

hat gearbeitet

ADV

schnell

hat schnell gearbeitet

(b)

Figure: Phrase structure tree (a) with linear order on the set of leaves and (b) with a
copy of the sentence and alignments.
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A (discontinuous) phrase structure from the Tiger corpus [Brants
et al., 2004]

Laut

APPR

Dat

laut

Geulen

NE

*.Dat.Sg

Geulen

seien

VAFIN

3.Pl.Pres.Konj

sein

selbst

ADV

selbst

einfachste

ADJA

Sup.*.Nom.Pl

einfach

Recherchen

NN

Fem.Nom.Pl

Recherche

nicht

PTKNEG

nicht

angestellt

VVPP

anstellen

worden

VAPP

werden

.

$.

.

AC NK

PP

MO NK NK

NP

MO NG HD

VP

OC HD

VP

OCHD SB

S

VROOT

Each terminal is annotated by its POS-tag, morphological information, and its lemma. “The edges
leading from one node to another are labeled according to the function of the child node in the
constituent formed by the parent node.” [Smith, 2003]
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Binary classification

true positives

false positives

false negatives true negatives

selected

relevant

not relevant
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Selected A ∅ {Y1,Y2,Y3,
N1,N2,N3}

{Y1,Y2,Y3,
N1}

{Y1,
N1,N2,N3}

{Y1,Y2,Y3,Y4,Y5
N1,N2}

Precision 5
10 = 0.5 undef. 3

6 = 0.5 3
4 = 0.75 1

4 = 0.25 5
7 ≈ 0.71

Recall 5
5 = 1 0

5 = 0 3
5 = 0.6 3

5 = 0.6 1
5 = 0.2 5

5 = 1

Accuracy 5
10 = 0.5 5

10 = 0.5 5
10 = 0.5 7

10 = 0.7 3
10 = 0.3 8

10 = 0.8

F-measure 2
3 ≈ 0.66 undef. 6

11 ≈ 0.54 2
3 ≈ 0.66 2

9 ≈ 0.22 5
6 ≈ 0.83
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Attachment scores

Hier1 muss2 eine3 neue4 Sozialpolitik5 entwickelt6 werden7 .8

ADV VMFIN ART ADJA NN VVPP VAINF $.

muss

Sozialpolitik

eine
NK
neue NK

SB

werden

entwickelt

Hier MO

OC

OC

.

PUNC

gold standard

Hier1 muss2 eine3 neue4 Sozialpolitik5 entwickelt6 werden7 .8

ADV VMFIN ART ADJA NN VVPP VAINF $.

muss

Hier

MO Sozialpolitik

eine
NK
neue SB

NK

werden

entwickelt OC

OC

.

PUNC

UAS: 7 / 8

LAS: 5 / 8
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Labeled precision, recall, F1

phrase structure tree:

Laut

APPR

Dat

laut

Geulen

NE

*.Dat.Sg

Geulen

seien

VAFIN

3.Pl.Pres.Konj

sein

selbst

ADV

selbst

einfachste

ADJA

Sup.*.Nom.Pl

einfach

Recherchen

NN

Fem.Nom.Pl

Recherche

nicht

PTKNEG

nicht

angestellt

VVPP

anstellen

worden

VAPP

werden

.

$.

.

AC NK

PP

MO NK NK

NP

MO NG HD

VP

OC HD

VP

OCHD SB

S

VROOT

labeled brackets: (VROOT, {1, . . . , 10}), (S, {1, . . . , 9}), (VP, {1, 2, 7, 8, 9}),
(VP, {1, 2, 7, 8}), (NP, {4, 5, 6})
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0ROOT 1A 2hearing 3is 4scheduled 5on 6the 7issue 8today
(a)

ROOT

is

hearing

A on

issue

the

scheduled

today

A hearing is scheduled on the issue today

(b)

Figure: (a) Dependency graph. (b) Transformed dependency tree.
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Algorithm 0.1 A simple deterministic dependency parser based on transition
system S = (C ,T , cs ,Ct).
PARSE(o,e)
c ← cs(e)
while c 6∈ Ct do

t ← o(c); c ← t(c)
return dependency graph h(c)
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How to find a “good” oracle? from [Nivre, 2009]

“... oracle can be approximated by a classifier trained on treebank data,
a technique that has been used successfully in a number of systems
(Yamada and Matsumoto, 2003; Nivre et al., 2004; Attardi, 2006)”
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In [Kuhlmann et al., 2011] a dynamic approach to arc-eager for projective
dependency trees is presented.

“... The basic idea, originally developed in the context of push-down
automata (Lang, 1974; Tomita, 1986; Billot and Lang, 1989), is that
while the number of computations of a transition-based parser may
be exponential in the length of the input string, several portions of
these computations, when appropriately represented, can be shared.”
[Kuhlmann et al., 2011]
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Computation of transition-based dependency parser

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

swap

ROOT0 Jan1 Piet2 zag4 Marie3 helpen5 lezen6

swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)
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Computation of transition-based dependency parser

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

swap

ROOT0 Jan1 Piet2 zag4 Marie3 helpen5 lezen6

swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)
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Computation of transition-based dependency parser

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift
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shift

swap
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swap

swap
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swap

left-arc
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shift
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shift
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done

(stack) (buffer)
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Computation of transition-based dependency parser

next action:
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shift
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shift

shift
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shift
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swap
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shift

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)
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Computation of transition-based dependency parser

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6
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ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift
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shift

swap
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swap

swap
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shift

shift
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left-arc
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done

(stack) (buffer)
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Computation of transition-based dependency parser

next action:
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shift
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shift
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right-arc
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done

(stack) (buffer)
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Computation of transition-based dependency parser

next action:
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done

(stack) (buffer)
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Computation of transition-based dependency parser
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done
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Computation of transition-based dependency parser
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swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)
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Computation of transition-based dependency parser

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

swap

ROOT0 Jan1 Piet2 zag4 Marie3 helpen5 lezen6

swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)

25/113



Computation of transition-based dependency parser

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

swap

ROOT0 Jan1 Piet2 zag4 Marie3 helpen5 lezen6

swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)

25/113



Computation of transition-based dependency parser

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

swap

ROOT0 Jan1 Piet2 zag4 Marie3 helpen5 lezen6

swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)

25/113



Computation of transition-based dependency parser

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

swap

ROOT0 Jan1 Piet2 zag4 Marie3 helpen5 lezen6

swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)
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Computation of transition-based dependency parser

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

swap

ROOT0 Jan1 Piet2 zag4 Marie3 helpen5 lezen6

swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)
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Computation of transition-based dependency parser

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

swap

ROOT0 Jan1 Piet2 zag4 Marie3 helpen5 lezen6

swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)

25/113



Computation of transition-based dependency parser

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

swap

ROOT0 Jan1 Piet2 zag4 Marie3 helpen5 lezen6

swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)
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Computation of transition-based dependency parser

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

swap

ROOT0 Jan1 Piet2 zag4 Marie3 helpen5 lezen6

swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)
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Computation of transition-based dependency parser

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

swap

ROOT0 Jan1 Piet2 zag4 Marie3 helpen5 lezen6

swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)
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Computation of transition-based dependency parser

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

shift

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift

swap

ROOT0 Jan1 Piet2 zag4 Marie3 helpen5 lezen6

swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

shift

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)
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Construction of transition sequence

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift4

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift4

swap

ROOT0 Jan1 Piet2 zag4 Marie3 helpen5 lezen6

swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift3

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift3

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift2

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift2

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)
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Construction of transition sequence

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift4

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift4

swap

ROOT0 Jan1 Piet2 zag4 Marie3 helpen5 lezen6

swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift3

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift3

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift2

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift2

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)
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Construction of transition sequence

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift4

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift4

swap

ROOT0 Jan1 Piet2 zag4 Marie3 helpen5 lezen6

swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift3

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift3

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift2

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift2

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)
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Construction of transition sequence

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift4

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift4

swap

ROOT0 Jan1 Piet2 zag4 Marie3 helpen5 lezen6

swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift3

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift3

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift2

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift2

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)

26/113



Construction of transition sequence

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift4

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift4

swap

ROOT0 Jan1 Piet2 zag4 Marie3 helpen5 lezen6

swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift3

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift3

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift2

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift2

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)
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Construction of transition sequence

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift4

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift4

swap

ROOT0 Jan1 Piet2 zag4 Marie3 helpen5 lezen6

swap

swap

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

left-arc

shift3

ROOT0 Jan1 zag4 Piet2 Marie3 helpen5 lezen6

shift3

swap

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

swap

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

shift2

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

shift2

left-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

left-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

right-arc

ROOT0 Jan1 zag4 Piet2 helpen5 Marie3 lezen6

right-arc

done

(stack) (buffer)

26/113



Construction of transition sequence

next action:

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift4

ROOT0 Jan1 Piet2 Marie3 zag4 helpen5 lezen6

shift4

swap
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Transition system for dependency parsing
A transition system for dependency parsing [Nivre, 2009] is a tuple
S = (C ,T , cs ,Ct) where
I C is a set (configurations),
I T is a set of transitions; each transition is a partial function of type

t : C → C ,
I cs is an initialization function; cs maps each sentence e = e1 . . . en to a

configuration c ∈ C , and
I Ct ⊆ C is a set of terminal configurations.
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S = (C ,T , cs ,Ct) where
I C is a set (configurations),
I T is a set of transitions; each transition is a partial function of type

t : C → C ,
I cs is an initialization function; cs maps each sentence e = e1 . . . en to a

configuration c ∈ C , and
I Ct ⊆ C is a set of terminal configurations.

Moreover, we require that each configuration c has the form (Σ,B,A) where
I Σ ∈ N∗ (stack); the top of the stack is at the right,
I B ∈ N∗ (buffer); we require that Σ · B is a finite sequence of pairwise

distinct elements,
I A is a set of dependency arcs of the form (i , λ, j) where i , j ∈ N and λ ∈ Λ

is a dependency relation,
I each sentence e = e1 . . . en is mapped by cs to the configuration

cs(e) = ([0], [1, 2, . . . , n], ∅)
I each configuration of Ct has the form ([0], [],A) for some set A of

dependency arcs.
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Let S = (C ,T , cs ,Ct) be a transition system for dependency parsing and let
e = e1 . . . en be a sentence. A transition sequence for e is a sequence
C0,m = (c0, c1, . . . , cm) of configurations ci ∈ C such that
I c0 = cs(e),
I for each i ∈ [m] there is a t ∈ T such that ci = t(ci−1), and
I cm ∈ Ct .
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e = e1 . . . en be a sentence. A transition sequence for e is a sequence
C0,m = (c0, c1, . . . , cm) of configurations ci ∈ C such that
I c0 = cs(e),
I for each i ∈ [m] there is a t ∈ T such that ci = t(ci−1), and
I cm ∈ Ct .

Let C0,m = (c0, c1, . . . , cm) be a transition sequence for e with cm = ([0], [],A).
The parse induced by C0,m, denoted by h(cm), is the dependency graph
({0} ∪ [n],A). We note that, in general, h(cm) need not correspond to a
dependency tree, even not to a tree.
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Let G be set of dependency graphs. A transition system S is sound for G if for
every sentence e and transition sequence C0,m for e, the parse h(cm) induced by
C0,m is an element of G. Moreover, S is complete for G if for every sentence e
and dependency graph h ∈ G for e, there is a transition sequence C0,m such
that h = h(cm).
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Let G be set of dependency graphs. A transition system S is sound for G if for
every sentence e and transition sequence C0,m for e, the parse h(cm) induced by
C0,m is an element of G. Moreover, S is complete for G if for every sentence e
and dependency graph h ∈ G for e, there is a transition sequence C0,m such
that h = h(cm).

Let S = (C ,T , cs ,Ct) be a transition system for dependency parsing. An oracle
for S is a mapping o : C → T such that c is in the domain of o(c) for each
c ∈ C .
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Transitions Conditions

LEFT-ARCl ([σ | i , j], B, A) ⇒ ([σ | j], B, A ∪ {(j , l , i)}) i 6= 0
RIGHT-ARCl ([σ | i , j], B, A) ⇒ ([σ | i ], B, A ∪ {(i , l , j)})
SHIFT ([σ], [i | β], A) ⇒ ([σ | i ], [β], A)
SWAP ([σ|i |j], [β], A) ⇒ ([σ|j], [i |β], A) 0 < i < j

Figure: Arc-standard transitions for non-projective dependency trees.

Theorem
[Nivre, 2009, Sect. 3.2] The transition system for dependency parsing which
uses the arc-standard transitions shown in Figure 5 is sound and complete for
the set of all dependency trees.
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Productions of a regular tree grammar

S → S(NP, VP)
NP → NP(Pronoun) | NP(Proper-Noun) | NP(Det, Nominal)

Nominal → Nominal(Noun, Nominal) | Nominal(Noun)
VP → VP(Verb) | VP(Verb, NP) | VP(Verb, NP, PP) | VP(Verb, PP)
PP → PP(Preposition, NP)

Noun → Noun(flight) | Noun(breeze) | Noun(trip) | Noun(morning) | . . .
Verb → Verb(is) | Verb(prefer) | Verb(like) | Verb(need) | Verb(want) | Verb(fly)

Pronoun → Pronoun(me) | Pronoun(I) | Pronoun(you) | Pronoun(it) | . . .
Proper-Noun → Proper-Noun(Alaska) | Proper-Noun(Baltimore) | . . .

Det → Det(the) | Det(a) | Det(an) | Det(this) | Det(these) | Det(that) | . . .
Preposition → Preposition(from) | Preposition(to) | Preposition(on) | . . .
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Derivation of a tree with a regular tree grammar

S⇒ S(NP,VP)
⇒ S(NP(Pronoun),VP)
⇒ S(NP(Pronoun(I)),VP)
⇒ S(NP(Pronoun(I)),VP(Verb,NP))
⇒ S(NP(Pronoun(I)),VP(Verb(prefer),NP))
⇒ S(NP(Pronoun(I)),VP(Verb(prefer),NP(Det,Nominal)))
⇒ S(NP(Pronoun(I)),VP(Verb(prefer),NP(Det(a),Nominal)))
⇒ S(NP(Pronoun(I)),VP(Verb(prefer),NP(Det(a),Nominal(Noun,Nominal))))
⇒ S(NP(Pronoun(I)),VP(Verb(prefer),NP(Det(a),Nominal(Noun(morning),Nominal))))
⇒ S(NP(Pronoun(I)),VP(Verb(prefer),NP(Det(a),Nominal(Noun(morning),Nominal(Noun)))))
⇒ S(NP(Pronoun(I)),VP(Verb(prefer),NP(Det(a),Nominal(Noun(morning),

Nominal(Noun(flight))))))
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Context-free grammar GATIS

S→ NP VP
NP→ Pronoun | Proper−Noun | Det Nominal

Nominal→ Noun Nominal | Noun
VP→ Verb | Verb NP | Verb NP PP | Verb PP
PP→ Preposition NP

Noun→ flight | breeze | trip | morning | . . .
Verb→ is | prefer | like | need | want | fly

Pronoun→ me | I | you | it | . . .
Proper−Noun→ Alaska | Baltimore | Los Angeles | Chicago | . . .

Det→ the | a | an | this | these | that | . . .
Preposition→ from | to | on | near | . . .

[Jurafsky and Martin, 2000, Figs. 9.2 and 9.3, p. 330]
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Derivation tree of the context-free grammar GATIS

S

NP

Pro

I

VP

Verb

prefer

NP

Det

a

Nom

Noun

morning

Nom

Noun

flight
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Rules of a lexicalized LCFRS

root→ 〈xy1 zag y2〉(nsub,dobj)
dobj→ 〈xy1,helpen y2〉(nsub,dobj)
dobj→ 〈x , lezen〉(nsub)
nsub→ 〈Jan〉
nsub→ 〈Piet〉
nsub→ 〈Marie〉 .
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Rules and a derivation of a simple range concatenation grammar

VP(x1x3x2)→ V(x1, x2) ADV(x3)
V(hat, gearbeitet)→ ε

ADV(schnell)→ ε

VP(hat schnell gearbeitet)
⇒G V(hat, gearbeitet) ADV(schnell)
⇒G ADV(schnell)
⇒G ε
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Example of an extented top-down tree transducer
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Tree substitution grammars: four elementary trees

NP

DT

a

N

NN↓

NP

DT

those

N

NNS↓

NN

cat

NNS

dogs
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Synchronous context-free grammars

r1 : qS → 〈x1x2x3 , x1x2x3〉(qSUB, qPRED, qOBJ)
r2 : qS → 〈x1x2x3 , x3x2x1〉(qSUB, qPRED, qOBJ)

r3 : qSUB → 〈he , er〉

r4 : qPRED → 〈saw , sah〉
r5 : qPRED → 〈drew , zeichnete〉
r6 : qPRED → 〈loved , liebte , ε〉

r7 : qOBJ → 〈the x1 house , das x1 Haus〉(qADJ)
r8 : qOBJ → 〈the x1 triangle, das x1 Dreieck〉(qADJ)

r9 : qADJ → 〈x1 x2 , x1 x2〉(qADV, qADJ)
r10 : qADJ → 〈big , große〉

r11 : qADV → 〈very , sehr〉
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Synchronous tree substitution grammars (STSG)

r1 : o → 〈σ(x1, x2), σ(x2, x1)〉(o, e)
r2 : o → 〈σ(x2, x1), σ(x1, x2)〉(o, e)
r3 : o → 〈σ(x2, x1), σ(x2, x1)〉(o, e)
r4 : o → 〈α, α〉

r5 : e → 〈σ(x1, x2), σ(x2, x1)〉(e, e)
r6 : e → 〈σ(x1, x2), σ(x2, x1)〉(o, o)
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WSTAG [following Joshi and Schabes, 1997]

r1 : q1 →
〈

z1

S

x1 VP

V

saw

x2

z1

S

VP

V

sah

x1 x2

〉
(q2, q2, f )

r2 : q2 →
〈 NP

N

Mary

NP

N

Mary

〉
r4 : q3 →

〈 D

a

D

einen

〉

r3 : q2 →
〈 NP

x1 N

man

NP

x1 N

Mann

〉
(q3) r5 : f →

〈 S

Adv

yesterday

∗

S

Adv

gestern

∗
〉
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WSTAG: input tree and output tree
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Derivation and derivation tree of a LCFRS

S(a a c b b d)
⇒G A(a a,b b) B(c,d)
⇒G A(a,b) B(c,d)
⇒G A(ε, ε) B(c,d)
⇒G B(c,d)
⇒G B(ε, ε)
⇒G ε

S

A

A

A

B

B

x1 x3 x2 x4

a x1
x1

b x2
x2

a x1
x1

b x2
x2

ε
x1

ε
x2

c x1
x3

d x2
x4

ε
x1

ε
x2
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Traversal over derivation tree generated by simple or lexical. LCFRS
Input: derivation tree d of a simple LCFRS or a lexicalized LCFRS G
Output: hybrid tree h obtained by interpreting d
Variables: q ∈ pos(d) and n ∈ N

1: q ← ε (i.e., q points to the root of d), and n = 1
2: place • to the left end of the argument of S
3: while true do
4: let t be the symbol directly succeeding the bullet in the label at position q, i.e., t ∈ ∆ ∪ X ∪
{comma, )}

5: if t ∈ ∆ then
6: move • one position to the right,
7: if G is simple then create a new leaf labeled with t below q and set q′ ← q1
8: if G is a lexicalized LCFRS then set q′ ← q
9: mark position q′ as the n-th position in the linear order to be created, and set n← n + 1

10: else if t = x (i)
j then

11: move • one position to the right, set q ← qi , and place a new instance of • in front of
12: the j-th argument of the nonterminal at q
13: else if t ∈ {comma, )} then
14: remove • from the argument of position q and set q to its
15: predecessor if q 6= ε, otherwise break
16: if G is a lexicalized LCFRS then replace at each position q of d the label A by the unique terminal

occurring in one of the arguments at q; moreover, label the edge from the predecessor of q to q by
A (dependency relation)

17: remove all remaining parts of the dependency graph from d
18: return d
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VP

V

VH VM

ADV

x1 x2 x3

x1 x2
x1 x3

s
x2

h
x1

g
x2

VP
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VH

h1

VM

g3

ADV

s2

Derivation tree of the simple LCFRS G and its interpretation as (discontinuous)
phrase structure tree.
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root

nsub dobj

nsub dobj
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J
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y1 y2
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Piet2
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Marie3
nsub

dobj
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root

Derivation tree of the lexicalized LCFRS G and its interpretation as
(non-projective) dependency tree.
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Grammar induction of a simple LCFRS grammar from a corpus of
phrase structure trees with POS [Maier and Søgaard, 2008]
Input: a corpus c of phrase structure trees with POS
Output: a simple LCFRS in the form of a SRCG G = (N,∆,Z ,R) such that for each h ∈ c

there is a derivation tree d of G and h is the interpretation of d .
1: N ← {Z} ∪ set of syntactic categories ∪ POS
2: ∆← vocabulary of E
3: R ← {Z (x1)→ ξ(ε)(x1) | (ξ, leaves(ξ),�) ∈ c}
4: for h = (ξ, leaves(ξ),�) in c do
5: for p ∈ pos(ξ) \ leaves(ξ) do
6: k ← rkΣ(ξ(p)) . number of children of p in ξ
7: if p ∈ posPOS(ξ) then
8: R ← R ∪ {ξ(p)(ξ(p1))→ ε}
9: else

10: J (0) ← cover(h, p), J (1) ← cover(h, p1), . . . , J (k) ← cover(h, pk)
11: let spans(J (`)) = (J (`)

1 , . . . , J (`)
m` ) for each ` ∈ [k]0

12: for j ∈ [m0] do
13: sj ← ε, U ← J (0)

j
14: while U 6= ∅ do
15: let ` ∈ [k] and i ∈ [m`] such that min(U) = min(J (`)

i )
16: sj ← sj x (`)

i
17: U ← U \ J (`)

i
18: R ← R ∪ {ξ(p)(s1,m0)→ ξ(p1)(x (1)

1,m1
) . . . ξ(pk)(x (k)

1,mk
)}

19: return SRCG G = (N,∆,Z ,R)
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Discontinuous phrase structures tree

S

VMFIN

muss2

VP

VP
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VAINF
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Dependency tree for the sentence “Jan Piet Marie zag helpen lezen”

zag4
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helpen5

Piet2

nsub
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dobj

dobj

root
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Grammar induction of a lexicalized LCFRS grammar from a corpus
of dependency trees with POS [Kuhlmann and Satta, 2009].
Input: a corpus c of dependency trees
Output: a lexicalized LCFRS in the form of a SRCG G = (N,∆, root,R) such that for each h ∈ c

there is a derivation tree d of G and h is the interpretation of d
1: N ← DEPREL ∪ {root}, ∆← vocabulary of E, and R ← ∅
2: for h = (ξ, lab,pos(ξ),�) in c do
3: for p ∈ pos(ξ) do
4: k ← rkΣ(ξ(p)) . number of children of p in ξ
5: if p ∈ leaves(ξ) then
6: R ← R ∪ {deprel(p)(ξ(p))→ ε}
7: else
8: J (0) ← cover(h, p), J (1) ← cover(h, p1), . . . , J (k) ← cover(h, pk)
9: let spans(J (`)) = (J (`)

1 , . . . , J (`)
m` ) for each ` ∈ [k]0

10: for j ∈ [m0] do
11: sj ← ε, U ← J (0)

j
12: while U 6= ∅ do
13: if min(U) = ord(p) then
14: sj ← sj ξ(p)
15: U ← U \ {ord(p)}
16: else
17: let ` ∈ [k] and i ∈ [m`] such that min(U) = min(J (`)

i )
18: sj ← sj x (`)

i
19: U ← U \ J (`)

i
20: R ← R ∪ {deprel(p)(s1,m0)→ deprel(p1)(x (1)

1,m1
) . . . deprel(pk)(x (k)

1,mk
)}

21: return SRCG G = (N,∆, root,R)
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Two different semantics of one sentence.
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PP

with the telescope

S

NP

Bob

VP

saw NP

NP

the man

PP

with the telescope
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An abstract syntax tree and the images under πΣ and [[.]]LCFRS

VP→ 〈x (1)
1 x (2)

1 x (1)
2 〉(V,ADV)

V→ 〈x (1)
1 x (2)

1 〉 (VH,VM)

VH→ 〈hat〉 VM→ 〈gearbeitet〉

ADV→ 〈schnell〉
πΣ

〈x (1)
1 x (2)

1 x (1)
2 〉

〈x (1)
1 x (2)

1 〉

〈hat〉 〈gearbeitet〉

〈schnell〉

[[.]]LCFRS1

hat schnell gearbeitet
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Example of an abstract syntax tree
and the corresponding derivation tree

abstract syntax tree:

VP→ 〈x (1)
1 x (2)

1 x (1)
2 〉(V,ADV)

V→ 〈x (1)
1 x (2)

1 〉 (VH,VM)

VH→ 〈hat〉 VM→ 〈gearbeitet〉

ADV→ 〈schnell〉

derivation tree:

VP

V

VH VM

ADV

x1x3x2

x1 x2

hat gearbeitet

schnell
x1 x2

x1 x2

x3
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Generic inside-outside EM algorithm.
Prerequisites: unambiguous Y -grammar G = (N,Σ,Z ,R) and Y -algebra Y = (W , ϕ);
Input: finite W -corpus c : W → R≥0

some initial probability distribution p0 : R → R≥0
Output: sequence p1, p2, . . . of probability distributions for R

1: i ← 0
2: while true do
3: // first, compute count c ′
4: let count c ′ : R → R≥0 be defined by c ′(ρ) = 0 for each ρ ∈ R
5: for w ∈ supp(c) do
6: (Q,Σ,Z ′,R ′)← (G Bψ w)
7: compute the inside/outside weights in and out for the PY -grammar ((G B w), pi ◦ ψ)
8: if in(Z ′) 6= 0 then
9: for η ∈ R ′, η = (q → σ(q1, . . . , qk)) do

10: c ′(ψ(η))← c ′(ψ(η)) + c(w) · in(Z ′)−1 · out(q) · pi (ψ(η)) · in(q1) · . . . · in(qk)
11: // second, normalize count to a probability distribution
12: for A ∈ N do
13: s ←

∑
ρ∈RA

c ′(ρ)
14: if s = 0 then
15: for ρ ∈ RA do
16: pi+1(ρ)← pi (ρ)
17: else
18: for ρ ∈ RA do
19: pi+1(ρ)← s−1 · c ′(ρ)
20: output pi+1
21: i ← i + 1
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Example of reduct for a CFG G and a string w .
Z→ 〈x1x2〉(A,B′)

A→ 〈a〉 B′ → 〈bb〉

πΣ

〈x1x2〉

〈a〉 〈bb〉
abb

[[.]]CFG

Z→ 〈x1x2x3〉(A,B,B)

A→ 〈a〉 B→ 〈b〉 B→ 〈b〉

πΣ

〈x1x2x3〉

〈a〉 〈b〉 〈b〉

[[.]]
CFG

Z→ 〈x1x2〉(AB′) | 〈x1x2x3〉(A,B,B) | 〈x1〉(B)
A→ 〈a〉
B′ → 〈bb〉 w = 0a1b2b3
B→ 〈b〉

Z(0,3) → 〈x1x2〉(A(0,1)B′1,3) A(0,1) → 〈a〉
Z(0,3) → 〈x1x2x3〉(A(0,1),B(1,2),B(2,3)) B(1,2) → 〈b〉
B′(1,3) → 〈bb〉 B(2,3) → 〈b〉

Z(0,3) → 〈x1x2〉(A0,1,B′1,3)

A(0,1) → 〈a〉 B′(1,3) → 〈bb〉

Z(0,3) → 〈x1x2x3〉(A(0,1),B(1,2),B(2,3))

A(0,1)) → 〈a〉 B(1,2) → 〈b〉 B(2,3) → 〈b〉
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Weighted deduction system for basic PLCFRS parsing.

SCAN: p(ρ):[A,(i−1,i)] if ρ = (A→ 〈wi〉) in R

RULE: u1 : [B1,~κ1], ..., uk : [Bk ,~κk ]
p(ρ)·

∏k
i=1 ui : [A,σ(~κ1,...,~κk )]

if ρ = (A→ σ(B1, . . . ,Bk)) in R

Goal: u : [Z , (0, n)]
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Weighted deductive parsing for LCFRS.

Input: PLCFRS (G , p) with monotone, ε-free, and simple G = (N,∆,Z ,R)
and w ∈ ∆∗

Output: either “w ∈ L(G)” or “w 6∈ L(G)”

1: add each item generated by SCAN to A
2: while A 6= ∅ do
3: (u : [A, ~κ])← arg max(u′:[A′, ~κ′])∈A u′

4: A ← A \ {(u : [A, ~κ])}
5: C ← C ∪ {(u : [A, ~κ])}
6: if (u : [A, ~κ]) is goal item then output “w ∈ L(G)” and stop
7: else
8: for each v : [B, ~η] deduced from u : [A, ~κ] and other items in C by RULE do
9: if there is no z with (z : [B, ~η]) in A ∪ C then

10: A ← A∪ {(v : [B, ~η])}
11: else
12: if (z : [B, ~η]) in A for some z then
13: A ← (A \ {(z : [B, ~η])}) ∪ {(max{v , z} : [B, ~η])}
14: output “w 6∈ L(G)”
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Example for a Hypergraph

example. First, we introduce some basic notions.

Trees and hypergraphs The definition of
ranked trees commonly used in formal tree lan-
guage theory will serve us as the basis for defining
derivations.

A ranked alphabetis a finite setΣ (of symbols)
where every symbol carries arank (a nonnegative
integer). ByΣ(k) we denote the set of those sym-
bols having rankk. The set of trees overΣ, de-
noted byTΣ , is the smallest setT such that for
every k ∈ N, σ ∈ Σ(k), and ξ1, . . . , ξk ∈ T ,
also σ(ξ1, . . . , ξk) ∈ T ;2 for σ ∈ Σ(0) we ab-
breviate σ() by σ. For every k ∈ N, σ ∈
Σ(k) and subsetsT1, . . . , Tk ⊆ TΣ we define
the top-concatenation (withσ) σ(T1, . . . , Tk) =
{σ(ξ1, . . . , ξk) | ξ1 ∈ T1, . . . , ξk ∈ Tk}.

A Σ-hypergraphis a pairH = (V,E) where
V is a finite set (ofverticesor nodes) andE ⊆
V ∗×Σ×V is a finite set (ofhyperedges) such that
for every (v1 . . . vk, σ, v) ∈ E we have thatσ ∈
Σ(k).3 We interpretE as a ranked alphabet where
the rank of each edge is carried over from its label
in Σ. The family(Hv | v ∈ V ) of derivations ofH
is the smallest family(Pv | v ∈ V ) of subsets
of TE such thate(Pv1 , . . . , Pvk) ⊆ Pv for every
e = (v1 . . . vk, σ, v) ∈ E.

A Σ-hypergraph (V,E) is cyclic if there
are hyperedges (v11 . . . v1k1

, σ1, v
1), . . . ,

(vl
1 . . . vl

kl
, σl, v

l) ∈ E such thatvj−1 occurs

in v
j
1 . . . v

j
kj

for everyj ∈ {2, . . . , l} andvl occurs

in v11 . . . v1k1
. It is calledacyclic if it is not cyclic.

Example 1 Consider the ranked alphabetΣ =
Σ(0)∪Σ(1)∪Σ(2) with Σ(0) = {α, β}, Σ(1) = {γ},
and Σ(2) = {σ}, and theΣ-hypergraphH =
(V,E) where

• V = {0, 1} and

• E = {(ε, α, 1), (ε, β, 1), (1, γ, 1), (11, σ, 0),
(1, γ, 0)}.

A graphical representation of this hypergraph is
shown in Fig. 1. Note that this hypergraph is cyclic
because of the edge(1, γ, 1).

We indicate the derivations ofH, assuming that
e1, . . . , e5 are the edges inE in the order given
above:

2The termσ(ξ1, . . . , ξk) is usually understood as a string
composed of the symbolσ, an opening parenthesis, the
stringξ1, a comma, and so on.

3The hypergraphs defined here are essentially nondeter-
ministic tree automata, whereV is the set of states andE is
the set of transitions.

γ α

0 1 γ

σ β

e5

e3

e4

e1

e2

Figure 1: Hypergraph of Example 1.

• H1 = {e1, e2, e3(e1), e3(e2), e3(e3(e1)), . . . }
and

• H0 = e4(H1,H1) ∪ e5(H1) where, e. g.,
e4(H1,H1) is the top-concatenation ofH1,
H1 with e4, and thus

e4(H1,H1) = {e4(e1, e1), e4(e1, e2),

e4(e1, e3(e1)), e4(e3(e1), e1), . . . } .

Next we give an example of ambiguity in hyper-
graphs with labeled hyperedges. Suppose thatE

contains an additional hyperedgee6 = (0, γ, 0).
ThenH0 would contain the derivationse6(e5(e1))
and e5(e3(e1)), which describe the sameΣ-tree,
viz. γ(γ(α)) (obtained by the node-wise projec-
tion to the second component). �

In the sequel, letH = (V,E) be aΣ-hypergraph.

Ordering Usually an ordering is induced on the
set of derivations by means of probabilities or,
more generally, weights. In the following, we will
abstract from the weights by using a binary rela-
tion - directly on derivations, where we will in-
terpret the factξ1 - ξ2 as “ξ1 is better than or
equal toξ2”.

Example 2 (Ex. 1 contd.)First we show how an
ordering is induced on derivations by means of
weights. To this end, we associate an operation
over the setR of reals with every hyperedge (re-
specting its arity) by means of a mappingθ:

θ(e1)() = 4 θ(e2)() = 3

θ(e3)(x1) = x1 + 1 θ(e4)(x1, x2) = x1 + x2

θ(e5)(x1) = x1 + 0.5

The weighth(ξ) of a treeξ ∈ TE is obtained by
interpreting the symbols at each node usingθ, e. g.
h(e3(e2)) = θ(e3)(θ(e2)()) = θ(e2)() + 1 = 4.

Then the natural order≤ on R induces the bi-
nary relation- over TE as follows: for every
ξ1, ξ2 ∈ TE we let ξ1 - ξ2 iff h(ξ1) ≤ h(ξ2),
meaning that trees with smaller weights are con-
sidered better. (This is, e. g., the case when calcu-
lating probabilites in the image of− log x.) Note

48
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Some useful functions specified in a functional programming style.

-- standard Haskell functions: list deconstructors, take operation
01 head (x:xs) = x
02 tail (x:xs) = xs
03 take n xs = [] if n == 0 or xs == []
04 take n xs = (head xs):take (n-1) (tail xs)

-- merge operation (lists in L should be disjoint)
05 merge L = [] if L \ {[]} = ∅
06 merge L = m:merge ({tail l | l ∈ L, l != [], head l == m} ∪

{l | l ∈ L, l != [], head l != m})
07 where m = min{head l | l ∈ L, l != []}

-- top concatenation
08 e(l1, . . . ,lk) = [] if li == [] for some i ∈ {1, . . . , k}
09 e(l1, . . . ,lk) = e(head l1, . . . , head lk):merge

⋃
i∈{1,...,k} e(li

1, . . . ,l
i
k)

10 where li
j =


lj if j < i
tail lj if j = i
[head lj] if j > i
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Algorithm solving the 1-best-derivation problem.

Require Σ-hypergraph H = (V ,E ), linear pre-order - fulfilling SP and CP.
Ensure b v ∈ min1(Hv ) for every v ∈ V such that if b v == [e(ξ1, . . . , ξk)]
for some e = (v1 . . . vk , σ, v) ∈ E , then b vi == [ξi] for every i ∈ {1, . . . , k}.

01 b = iter P0 {(ε, α, v) ∈ E | α ∈ Σ(0)}
02 P0 v = []
03 iter P ∅ = P
04 iter P c = iter P’ c’
05 where
06 ξ = min c and ξ ∈ Hv
07 P’ = (P//(v,[ξ]))
08 c’ =

⋃
e=(v1...vk ,σ,v ′)∈E

P’ v’ == []
e(P’ v1, . . . ,P’ vk)
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Algorithm solving the n-best-derivations problem.

Require Σ-hypergraph H = (V ,E ), linear pre-order - fulfilling SP and CP.
Ensure

(
take n (p v)

)
∈ minn(Hv ) for every v ∈ V and n ∈ N.

01 p v = [] if b v == []
02 p v = e(ξ1, . . . , ξk)

:merge ({tail e(p v1, . . . , p vk)} ∪
{e′(p v′1, . . . , p v′k) | e′ = (v ′1 . . . v ′k , σ′, v) ∈ E , e′ 6= e})

if b v == [e(ξ1, . . . , ξk)] where e = (v1 . . . vk , σ, v)
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Binarizing a LCFRS.

Input: LCFRS G = (N,∆,Z ,R)
Output: binary LCFRS G ′ = (N ′,∆,Z ,R ′) such that L(G) = L(G ′)

1: for each rule r of the form A(w1, . . . ,wn) → A1(x1, . . . , xl1), . . . ,Ak(xm−lk +1, . . . , xm) with
k > 2 do

2: remove r from R
3: P ← ∅
4: take new nonterminals C1, . . . ,Ck−2
5: add the rule A(w1, . . . ,wn)→ A1(x1, . . . , xl1),C1( ~α1) where ~α1 is the

reduction of (w1, . . . ,wn) by (x1, . . . , xl1).
6: for each i with 1 ≤ i ≤ k − 3 do
7: add the rule Ci (~αi )→ Ai+1(xmi +1, . . . , xmi+1)Ci+1( ~αi+1) to P where ~αi+1 is the reduc-

tion
of ~αi by (xmi +1, . . . , xmi ).

8: add the rule Ck−2( ~αk−2)→ Ak−1(xmk−2+1, . . . , xmk−1)Ak(xmk−1+1, . . . ,mk) to P
9: for each rule r ∈ P do

10: replace right-hand side arguments with length greater 1 by new variables
(consistently on both sides of r) and add the result to R ′

11: return LCFRS G = (N ′,∆,Z ,R ′)
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A simple definite clause program (SDCP)

S(ε; x2) → A(x3; x1, x2) C(x1; x3)
A(x4; x2, x3) → B(ε; x1, x2) F (x1, x4; x3)
B(ε; x1, x2) → D(ε; x1) E (ε; x2)
D(ε;Piet) → ε
E (ε;Marie) → ε
F (x1, x2;helpen(x1, x2)) → ε
C(x1; lezen(x1)) → ε
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A derivation of a SDCP

S(ε;h(P, l(M)))

⇒ A(l(M);M,h(P, l(M))) C(M; l(M)) (x1 = M, x2 = h(P, l(M)), x3 = l(M))

⇒ B(ε;P,M) F (P, l(M);h(P, l(M))) C(M; l(M)) (x1 = P, x2 = M, x3 = h(P, l(M)), x4 = l(M), x = P)

⇒ D(ε;P) E (ε;M) F (P, l(M);h(P, l(M))) C(M; l(M)) (x1 = P, x2 = M)

⇒ E (ε;M) F (P, l(M);h(P, l(M))) C(M; l(M))

⇒ F (P, l(M);h(P, l(M))) C(M; l(M))

⇒ C(M; l(M)) (x1 = P, x2 = l(M))

⇒ ε
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Derivation tree of a sDCP.

S

A

B

D E

F

C

x2

x2
x1

x3
x2

x3
x4

x1
x1

x2
x2

P1

x1
M2

x2

x4
x2

x1
x1

h3
x1 x2

x3

x1
x1

l4
x1

x3

P1 M2 h3 l4
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A (LCFRS,sDCP)-hybrid grammar.

〈 S(tuvw) → A(t, v) C(u,w) , S(ε; z) → A(y ; z) C(ε; y) 〉
〈 A(t,helpen 1 ) → B(t) , A(y ;helpen 1 (x , y)) → B(ε; x) 〉
〈 B(Piet 1 ) → ε , B(ε;Piet 1 ) → ε 〉
〈 C(u, lezen 1 ) → D(u) , C(ε; lezen 1 (x)) → D(ε; x)
〈 D(Marie 1 ) → ε , D(ε;Marie 1 ) → ε 〉
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Derivation of a (LCFRS,sDCP)-hybrid grammar.

〈 S(Piet 1 Marie 2 helpen 3 lezen 4 ) , S(ε;helpen 3 (Piet 1 , lezen 4 (Marie 2 ))) 〉
⇒ 〈 A(Piet 1 ,helpen 3 ) C(Marie 2 , lezen 4 ) , A(ξ;helpen 3 (Piet 1 , ξ)) C(ε; lezen 4 (Marie 2 )) 〉
⇒ 〈 B(Piet 1 ) C(Marie 2 , lezen 4 ) , B(ε;Piet 1 ) C(ε; lezen 4 (Marie 2 )) 〉
⇒ 〈 C(Marie 2 , lezen 4 ) , C(ε; lezen 4 (Marie 2 )) 〉
⇒ 〈 D(Marie 2 ) , D(ε;Marie 2 ) 〉
⇒ 〈 ε , ε 〉
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A derivation tree of the example hybrid grammar.

S

A

B

C

D

t u v w z

t
t

h 1
v

h 1

x y

z

y

P 3
t

P 3
x

u
u

l 2
w

l 2

x

y

M 4
u

M 4
x

68/113



Parsing a string with probabilistic hybrid grammars
[Gebhardt et al., 2017]

Input: probabilistic hybrid grammar (G , p) over Σ and ∆
w = w1 · · ·wn ∈ Σ∗

Output: hybrid tree h with str(h) = w and with most probable derivation

1: extract the first component of G ; resulting in a probabilistic LCFRS G ′
2: parse w according to G ′ with any standard LCFRS parser; resulting in a

most likely derivation tree d
3: enrich the dependency graph of d by the arguments which correspond to

the second components of the applied hybrid grammar rules; resulting in
the intermediate structure d̂

4: traverse d̂ and create the linear order on a subset of its positions according
to the order on the corresponding positions of w ; resulting in derivation
tree d ′

5: return hybrid tree h corresponding to τ(d ′)
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Example: Parsing a string with probabilistic hybrid grammars
[Gebhardt et al., 2017]

w = h s g

standard
LCFRS parser

for G ′

VP

V ADV

ρ1 : x1 x2 x3

ρ2 : h g
x1 x3

ρ3 : s
x2

d:
VP

V ADV

ρ1 : x1 x2 x3
VP

x1 x2

ρ2 : h 1 g 2
V

h 1 g 2

x1 x3
x1

ρ3 : s 1
ADV
s 1

x2
x2

d̂:
enrich

dependency
graph

s1 = h 1 s 2 g 3

VP

V ADV

ρ1 : x1 x2 x3
VP

x1 x2

ρ2 : h 1 g 3
V

h 1 g 3

x1 x3
x1

ρ3 : s 2
ADV
s 2

x2
x2

d ′:
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Two examples of recursive partitionings of a string of length 7.

{1, 2, 3, 4, 5, 6, 7}

{1, 2, 3, 5, 6, 7}

{1, 3, 6, 7}

{1, 6}

{1} {6}

{3, 7}

{3} {7}

{2, 5}

{2} {5}

{4}

{1, 2, 3, 4, 5, 6, 7}

{1, 2, 3, 5, 6, 7}

{3, 7}

{3} {7}

{1, 2, 5, 6}

{1, 6}

{1} {6}

{2, 5}

{2} {5}

{4}
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Induction of a LCFRS from a string and a recursive partitioning.

Input: a string w = w1 · · ·wn ∈ Σ∗
a recursive partitioning π of w

Output: a simple LCFRS G that parses w according to π; fanout of G equals fanout of π
1: function Induce_LCFRS(w ,π)
2: P ← ∅ . set of LCFRS rules
3: for p ∈ pos(π) do
4: j ← number of children of p in π
5: J0 ← π(p), J1 ← π(p1), . . . , Jj ← π(pj)
6: if J0 = {i} for some i ∈ [n] then
7: P ← P ∪ {L{i}M(wi )→ ε}
8: else
9: for ` ∈ [j]0 do 〈J`,1, . . . , J`,k`〉 ← spans(J`)

10: for q ∈ [k0] do
11: let r and `1, . . . , `r ∈ [j] and q1 ∈ [k`1 ], . . . , qr ∈ [k`r ] be such that

J0,q = J`1,q1 ∪ · · · ∪ J`r ,qr and i ∈ J`t ,qt , i ′ ∈ J`t+1,qt+1 implies i < i ′

12: sq ← x (l1)
q1 . . . x (`r )

qr

13: P ← P ∪ {LJ0M(s1,k0)→ LJ1M(x (1)
1,k1) . . . LJjM(x (j)

1,kj
)}

14: return G = (N, L[n]M,Σ,P), where N = {LJM | J is label in π}
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Induction of a LCFRS from a string and a recursive partitioning (2)

string: h s g

recursive partitioning: {1, 2, 3}
{1, 3}

{1} {3}
{2}

induced rules:
L{1, 2, 3}M(x1x3x2) → L{1, 3}M(x1, x2) L{2}M(x3)

L{1, 3}M(x1, x2) → L{1}M(x1) L{3}M(x2)
L{1}M(h)→ ε L{2}M(s)→ ε L{3}M(g)→ ε
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Induction of a LCFRS from a string and a recursive partitioning (3)

string: h s g

recursive partitioning: {1, 2, 3}
{1, 2}

{1} {2}
{3}

induced rules:
L{1, 2, 3}M(x1x2) → L{1, 2}M(x1) L{3}M(x2)

L{1, 2}M(x1x2) → L{1}M(x1) L{2}M(x2)
L{1}M(h)→ ε L{2}M(s)→ ε L{3}M(g)→ ε
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Induction of a LCFRS from a string and a recursive partitioning (4)
string: Jan1 Piet2 Marie3 zag4 helpen5 lezen6

recursive partitioning: {1, 2, 3, 4, 5, 6}

{1} {2, 3, 5, 6}

{2} {3, 6}

{3} {6}

{5}

{4}

induced rules:

L{1, 2, 3, 4, 5, 6}M(x (1)
1 x (2)

1 x (4)
1 x (2)

2 )→ L{1}M(x (1)
1 ) L{2, 3, 5, 6}M(x (2)

1 , x (2)
2 ) L{4}M(x (4)

1 )

L{2, 3, 5, 6}M(x (1)
1 x (2)

1 , x (3)
1 x (2)

2 )→ L{2}M(x (1)
1 ) L{3, 6}M(x (2)

1 , x (2)
2 ) L{5}M(x (3)

1 )

L{3, 6}M(x (1)
1 , x (2)

1 )→ L{3}M(x (1)
1 ) L{6}M(x (2)

1 )

L{6}M(lezen)→ ε L{5}M(helpen)→ ε L{4}M(zag)→ ε

L{3}M(Marie)→ ε L{2}M(Piet)→ ε L{1}M(Jan)→ ε
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Induction of a LCFRS from a string and a recursive partitioning (5)
string: Jan1 Piet2 Marie3 zag4 helpen5 lezen6

recursive partitioning: {1, 2, 3, 4, 5, 6}

{1, 2, 3, 4, 5}

{1, 2, 3, 4}

· · · {4}

{5}

{6}

induced rules:

L{1, 2, 3, 4, 5, 6}M(x (1)
1 x (2)

1 )→ L{1, 2, 3, 4, 5}M(x (1)
1 ) L{6}M(x (2)

1 )

L{1, 2, 3, 4, 5}M(x (1)
1 x (2)

1 )→ L{1, 2, 3, 4}M(x (1)
1 ) L{5}M(x (2)

1 )

L{1, 2, 3, 4}M(x (1)
1 x (2)

1 )→ L{1, 2, 3}M(x (1)
1 ) L{4}M(x (2)

1 )
...

L{6}M(lezen)→ ε L{5}M(helpen)→ ε L{4}M(zag)→ ε

L{3}M(Marie)→ ε L{2}M(Piet)→ ε L{1}M(Jan)→ ε
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Comparison LCFRS induction: direct vs. recursive partitioning (1)
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Comparison LCFRS induction: direct vs. recursive partitioning (2)
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Three pipelines for LCFRS induction

hybrid
tree

direct extr. rec. par.
LCFRS induction
str+rec. part. unrestricted

LCFRS

str string

(a)

hybrid
tree

direct extr.
rec.
par. transf.

binary
rec. par.
with
fanout k

LCFRS induction
str+rec. part.

binary
LCFRS
with
fanout k

str string

(b)

hybrid
tree

l/r-branching
rec. par.

LCFRS induction
str+rec. part. (reversed)

FA

str string

(c)
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A dependency structure and the recursive partitioning extracted from
it

zag

Jan helpen

Piet lezen

Marie

Jan Piet Marie zag helpen lezen
(1) (2) (3) (4) (5) (6)

{1, 2, 3, 4, 5, 6}

{1} {2, 3, 5, 6}

{2} {3, 6}

{3} {6}

{5}

{4}
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Extraction of recursive partitioning from hybrid tree

Input: a hybrid tree h = (ξ,U,≤) with U = {p1, . . . , pn} and n > 0
where pi ≤ pi+1 for each i ∈ [n − 1]

Output: a recursive partitioning of str(h)

1: function extract_recursive_partitioning(h)
2: return rec_par(ε)
3: function rec_par(p) . p ∈ pos(ξ)
4: v ← ε . v ∈ (TP([n]))∗
5: if p ∈ U then v ← {i} if p = pi

6: for p′ ∈ children(p) do
7: v ← v · rec_par(p′) . concatenation of strings v and rec_par(p′)
8: if |v | ≤ 1 then return v
9: else

10: V ←
⋃|v |

j=1 v(j)(ε)
11: sort v such that min(v(j)(ε)) < min(v(j + 1)(ε))
12: return V (v(1), . . . , v(|v |))
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Transformation of recursive partitioning
Input: a recursive partitioning π of a string of length n

an integer k ≥ 1
Output: a binary recursive partitioning π′ of fanout no greater than k

1: function Transform(π = J(t1, . . . , tm))
2: if |J | = 1 then
3: return J
4: breadth-first search p in pos(π) \ {ε} such that π(p) and J \ π(p) have

fanout ≤ k
5: t ← Filter(π(p), π)
6: return J(Transform(π|p),Transform(t))
7: function Filter(J ′, π = J(t1, . . . , tm)) . J ′ ⊆ [n], π ∈ (TP([n]))∗
8: F ← J \ J ′
9: if |F | = 1 then return F

10: else if |F | = 0 then return ε
11: else
12: s ← Filter(J ′, t1) · . . . · Filter(J ′, tm)
13: if |s| = 1 then return s
14: else return F (s(1), . . . , s(|s|))
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A right-branching recursive partitioning and an FA

{1, 2, 3, 4, 5, 6}

{1} {2, 3, 4, 5, 6}

{2} {3, 4, 5, 6}

{3} {4, 5, 6}

{4} {5, 6}

{5} {6}

1 – 6 2 – 6 3 – 6 4 – 6

∅ 6 5 – 6

Jan Piet Marie

zaghelpenlezen
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Induction of sDCP from phrase structure tree and rec. part. I

Input: a phrase structure tree h = (ξ, leaves(ξ),�) with leaves(ξ) = {p1, . . . , pn}
where pi � pi+1 for each i ∈ [n − 1]
a recursive partitioning π of str(h)

Output: a sDCP G that generates ξ according to π

1: function Construct_sDCP((ξ, leaves(ξ),�),π)
2: P ← ∅ . set of sDCP rules
3: for p ∈ pos(π) do
4: m← number of children of p in π
5: J0 ← π(p), J1 ← π(p1), . . . , Jm ← π(pm)
6: 〈I(0)

1 , . . . , I(0)
k′
0
〉 ← gspans(C(J0))

7: 〈O(i)
1 , . . . ,O(i)

ki
〉 ← gspans(C(Ji )) for each i ∈ [m]

8: for each q ∈ [k ′0] do
9: r ← min≤`

(I(0)
q ) . r is the root of I(0)

q

10: ξq ← ConstrTree(r , (O(i)
j | i ∈ [m], j ∈ [ki ]))

11: P ← P ∪ {LJ0M(ε; ξ1,k′
0
)→ LJ1M(ε; x (1)

1,k1) . . . LJmM(ε; x (m)
1,km

)}
12: return G = (N, L[n]M,Σ,P), where N = {LJM | J label in π}
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Induction of sDCP from phrase structure tree and rec. part. II

13: function ConstrTree(r , (O(i)
j | i ∈ [m], j ∈ [ki ]))

. r ∈ pos(ξ), (O(i)
j | i ∈ [m], j ∈ [ki ]) family of subsets of pos(ξ)

14: if r ∈ O(i)
j for some i ∈ [m], j ∈ [ki ] then

15: return x (i)
j

16: else
17: let children(r) = (r1, . . . , r`)
18: for q ∈ [`] do
19: ζq ← ConstrTree(rq, (O(i)

j | i ∈ [m], j ∈ [ki ]))
20: return σ(ζ1, . . . , ζ`) where σ = ξ(r)
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Induction of sDCP from dependency tree and rec. part. I

Input: a dependency tree h = (ξ, lab,U,�) with U = {p1, . . . , pn} ; pi � pi+1
a recursive partitioning π of str(h)

Output: a sDCP G that generates ξ according to π

1: function Construct_sDCP((ξ, lab,U,�),π)
2: P ← ∅ . set of sDCP rules
3: for p ∈ pos(π) do
4: m← number of children of p in π
5: J0 ← π(p), J1 ← π(p1), . . . , Jm ← π(pm)
6: 〈I(0)

1 , . . . , I(0)
k′
0
〉 ← gspans(>(Π(J0))) . I: inside attributes

7: 〈O(0)
1 , . . . ,O(0)

k0 〉 ← gspans(⊥(Π(J0))) . O: outside attributes
8: 〈O(i)

1 , . . . ,O
(i)
ki
〉 ← gspans(>(Π(Ji ))) for each i ∈ [m]

9: 〈I(i)
1 , . . . , I

(i)
k′

i
〉 ← gspans(⊥(Π(Ji )) for each i ∈ [m] . note: each I(i)

q and O(i)
q is a

singleton
10: for each ` ∈ [m]0 and q ∈ [k ′`] do
11: let I(`)

q = {r}
12: ξ

(`)
q ← ConstrTree(r , (O(i)

j | i ∈ [m]0, j ∈ [ki ]))
13: P ← P ∪ {LJ0M(x (0)

1,k0 ; ξ(0)
1,k′

0
)→ LJ1M(ξ(1)

1,k′
1
; x (1)

1,k1) . . . LJmM(ξ(m)
1,k′

m
; x (m)

1,km
)}

14: return G = (N, L[n]M,Σ,P), where N = {LJM | J label in π}
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Induction of sDCP from dependency tree and rec. part. II

15: function ConstrTree(r , (O(i)
j | i ∈ [m]0, j ∈ [ki ]))

. r ∈ pos(ξ), (O(i)
j | i ∈ [m]0, j ∈ [ki ]) family of subsets of pos(ξ)

16: if r ∈ O(i)
j for some i ∈ [m]0, j ∈ [ki ] then

17: return x (i)
j

18: else
19: let children(r) = (r1, . . . , r`)
20: for q ∈ [`] do
21: ζq ← ConstrTree(rq, (O(i)

j | i ∈ [m]0, j ∈ [ki ]))
22: return σ(ζ1, . . . , ζ`) where σ = ξ(r)
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grammar induction from one hybrid tree:

hybrid tree
h = (ξ,U,�)

str
sentence

str(h)
induction
of LCFRS LCFRS G1

rec. part. π
of {1, ..., |U|}

synchronize
non-/terminals

hybrid
grammar G

tree tree ξ induction
of sDCP sDCP G2

L(G) = {h}
parsing of str(h) according to π
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〈 L{1, 2, 3}M(x1x3x2) → L{1, 3}M(x1, x2) L{2}M(x3) ,
L{1, 2, 3}M(ε;VP(x1, x2)) → L{1, 3}M(ε; x1) L{2}M(ε; x2) 〉

〈 L{1, 3}M(x1, x2) → L{1}M(x1) L{3}M(x2) ,
L{1, 3}M(ε;V(x1, x2)) → L{1}M(ε; x1) L{3}M(ε; x2) 〉

〈 L{1}M(h 1 ) → ε , L{1}M(ε;h 1 ) → ε 〉

〈 L{2}M(s 1 ) → ε , L{2}M(ε;ADV(s 1 )) → ε 〉

〈 L{3}M(g 1 ) → ε , L{3}M(ε; g 1 ) → ε 〉
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〈 L{1, 2, 3}M(x1x2) → L{1, 2}M(x1) L{3}M(x2) ,
L{1, 2, 3}M(ε;VP(V(x1, x3), x2)) → L{1, 2}M(ε; x1, x2) L{3}M(ε; x3) 〉

〈 L{1, 2}M(x1x2) → L{1}M(x1) L{2}M(x2) ,
L{1, 2}M(ε; x1, x2) → L{1}M(ε; x1) L{2}M(ε; x2) 〉

〈 L{1}M(h 1 ) → ε , L{1}M(ε;h 1 ) → ε 〉

〈 L{2}M(s 1 ) → ε , L{2}M(ε;ADV(s 1 )) → ε 〉

〈 L{3}M(g 1 ) → ε , L{3}M(ε; g 1 ) → ε 〉
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〈 L{2, 3, 5, 6}M(x (1)
1 x (2)

1 , x (2)
2 x (1)

2 ) → L{2, 6}M(x (1)
1 , x (1)

2 ) L{3, 5}M(x (2)
1 , x (2)

2 )
L{2, 3, 5, 6}M(ε; x (2)

2 ) → L{2, 6}M(x (2)
1 ; x (1)

1 , x (1)
2 )

L{3, 5}M(x (1)
1 , x (1)

2 ; x (2)
1 , x (2)

2 ) 〉

〈 L{2, 6}M(x (1)
1 , x (2)

1 ) → L{2}M(x (1)
1 ) L{6}M(x (2)

1 )
L{2, 6}M(x (0)

1 ; x (1)
1 , x (2)

1 ) → L{2}M(ε; x (1)
1 ) L{6}M(x (0)

1 ; x (2)
1 ) 〉

〈 L{3, 5}M(x (1)
1 , x (2)

1 ) → L{3}M(x (1)
1 ) L{5}M(x (2)

1 )
L{3, 5}M(x (0)

1 , x (0)
2 ; x (1)

1 , x (2)
1 ) → L{3}M(ε; x (1)

1 ) L{5}M(x (0)
1 , x (0)

2 ; x (2)
1 ) 〉

〈 L{5}M(helpen 1 )→ ε , L{5}M(x (0)
1 , x (0)

2 ; helpen 1 (x (0)
1 , x (0)

2 ))→ ε 〉

L{6}M(lezen 1 )→ ε , L{6}M(x (0)
1 ; lezen 1 (x (0)

1 ))→ ε 〉

L{3}M(Marie 1 )→ ε , L{3}M(ε; Marie 1 )→ ε 〉

L{2}M(Piet 1 )→ ε , L{2}M(ε; Piet 1 )→ ε
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A (too) simple pipeline for modelling, training, and testing

assumptions modeling probabilistic model
M⊆M(H)

training data
(corpus) training p̂ ∈M

test data evaluation score
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A more detailed look on training unveils various hyperparameters

grammar induction
probability
training

nonterminal
naming
scheme

recursive
partitioning
strategy

number of
EM iterations

training
corpus p̂ ∈M

93/113



A training pipeline with a development set

grammar induction
probability
training evaluation score

nonterminal
naming
scheme

recursive
partitioning
strategy

number of
EM iterations

training
corpus

p̂ ∈M

development
corpus
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extraction arg.
lab. nont. rules fmax favg fail

UA
Sp

LA
Sp UAS LAS LA time

child labeling

direct P+D 4,739 27,042 7 1.10 693 51.7 40.7 52.2 40.8 42.6 253
k = 1 P+D 13,178 35,071 1 1.00 202 75.9 68.7 77.0 69.1 73.3 288
k = 2 P+D 11,156 32,231 2 1.17 195 76.5 69.6 77.7 70.1 74.2 355
r-branch P+D 42,577 79,648 1 1.00 775 45.5 33.1 45.7 32.8 34.7 49
l-branch P+D 40,100 75,321 1 1.00 768 45.8 33.4 46.0 33.2 35.0 45

direct POS 675 19,276 7 1.24 303 68.7 51.5 69.3 50.0 55.4 300
k = 1 POS 3,464 15,826 1 1.00 30 81.7 65.5 82.5 63.5 70.6 244
k = 2 POS 2,099 13,347 2 1.40 35 81.6 65.2 82.4 63.3 70.5 410
r-branch POS 19,804 51,733 1 1.00 372 62.7 46.4 62.7 44.7 50.6 222
l-branch POS 17,240 45,883 1 1.00 342 63.7 47.4 63.9 45.6 51.4 197

direct DEP 2,505 19,511 7 1.13 3 78.5 72.2 78.9 71.6 78.6 484
k = 1 DEP 8,059 22,613 1 1.00 1 78.5 71.7 79.5 71.7 79.0 608
k = 2 DEP 6,651 20,314 2 1.20 1 78.7 72.1 79.8 72.0 79.2 971
k = 3 DEP 6,438 19,962 3 1.25 1 78.6 72.0 79.5 71.9 79.1 1,013
r-branch DEP 27,653 54,360 1 1.00 2 76.0 68.4 76.3 67.5 76.1 216
l-branch DEP 25,699 50,418 1 1.00 1 75.8 68.4 76.2 67.6 76.1 198

cascade: child labeling, k = 1, P+D/POS/DEP 1 83.2 76.2 84.3 76.1 81.6 325

LCFRS Maier and Kallmeyer [2010] - 79.0 71.8 - - - -
rparse simple 920 18,587 7 1.37 56 77.1 70.6 77.3 70.0 76.2 350
rparse (v = 1, h = 3) 40,141 61,450 7 1.10 13 78.4 72.2 78.5 71.4 79.0 778
MaltParser, unlexicalized, stacklazy 0 85.0 80.2 85.6 80.0 85.0 24
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A ranked alphabet Σ and algebras As and At for CFG parsing

Σ = {f0, f1, f2}

f1
f2

f2
f0 f0

f0

f1
f2

f0 f2
f0 f0

S
B

B
B
b

B
b

B

b

S
B

B

b

B
B
b

B
b

s : b b b

[[·]]At [[·]]At

[[·]]As [[·]]As

t1: t2:ξ1: ξ2: IRTG [Koller and
Kuhlmann, 2011]
TΣ: derivation trees
T : parse trees
S: sentences

f0As () = b f0At () = B(b)
f1As (x1) = x1 f1At (x1) = S(x1)

f2As (x1, x2) = x1x2 f2At (x1, x2) = B(x1, x2)

Based on Gebhardt [2018].
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Two RTGs over Σ and their valid runs on ξ1 and ξ2 with probabilities.

(G , p) :S → f1(B) #1.0
B → f2(B,B) #0.2
B → f0() #0.8

S
B

B
B B

B

S
B

B B
B B

0.22 · 0.83 0.22 · 0.83

r1: r2:

(G ′, p′) :S → f1(B1) #1.0
B1 → f2(B1,B2) #0.5
B1 → f2(B2,B1) #0.25

B1 → f0() #0.25
B2 → f0() #1.0

S
B1

B1
B1 B2

B2

S
B1

B1
B2 B1

B2

S
B1

B2 B1
B1 B2

S
B1

B2 B1
B2 B1

0.52 · 0.251 0.51 · 0.252 0.51 · 0.252 0.253

r3: r4: r5: r6:

Based on Gebhardt [2018].
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Generic grammar refinement [Gebhardt, 2018]

A→ f(B,C) #0.4

A1 → f(B1,C1) #0.1
A1 → f(B1,C2) #0.1

· · ·

A1 → f(B1,C1) #0.102
A1 → f(B1,C2) #0.097

· · ·

A1 → f(B1,C1) #0.321
A1 → f(B1,C2) #0.094

· · ·

A→ f(B,C1) #0.289
A→ f(B,C2) #0.104

A→ f(B,C1) #0.310
A→ f(B,C2) #0.082

A→ f(B,C1) #0.309
A→ f(B,C2) #0.083

A→ f(B,C1) #0.305
A→ f(B,C2) #0.089

spli
t

break ties
EM

training

me
rg

e

EM training

smooth

EM
tra

ini
ng

EM training
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Parsing objectives
The probability of a parse tree is obtained by summing over the probabilities of
all runs on all derivation trees for this parse tree:

P(t, s | G, p) =
∑

ξ∈TΣ :
[[ξ]]At =t
[[ξ]]As =s

∑
r∈runsv

G (ξ)

∏
π∈pos(ξ) :

ruleπr =A→f(B1,...,Bk )

p(A→ f(B1, . . . ,Bk)) Exact

Alternative, feasible parsing objectives are used in practise:

P(t, s | G, p) ≈ max
ξ∈TΣ :
[[ξ]]At =t
[[ξ]]As =s

max
r∈runsv

G (ξ)

∏
π∈pos(ξ) :

ruleπr =A→f(B1,...,Bk )

p(A→ f(B1, . . . ,Bk)) Viterbi

P(t, s | G, p) ≈ max
ξ∈TΣ :
[[ξ]]At =t

max
r∈runsv

Gc
s

(ξ)

∏
π∈pos(ξ) :

ruleπr =A→f(B1,...,Bk )

q(A→ f(B1, . . . ,Bk))

Variational/max-rule-product
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E.g. variational:

q([A, q0]→ f([B1, q1], . . . , [Bk , qk ]))

=
∑

A′→f(B′1,. . . ,B′k ) :
A′→f(B′1,. . . ,B′k ) refines A→f(B1,. . . ,Bk )

out([A′, q0]) · p([A′, q0]→ f([B′1, q1], . . . , [B′k , qk ])) · in([B′1, q1]) · . . . · in([B′1, qk ])
in([S,_])
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Statistics on induced base grammars on TiGerHN08
nonterminals rules lexical rules coverage dev. set

LCFRSho 767 50,153 28,080 78.3%
LCFRSr2` 817 49,297 28,080 76.5%
hybridchild 288 39,123 28,080 82.9%
hybridstrict 32,281 108,957 28,080 50.0%

Based on Gebhardt [2018].
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Results TiGerHN08 dev. set for sentences length ≤ 40.

Objective F1 (disc) EM F1-fun F1 (disc) EM F1-fun

LCFRS head-outward LCFRS right-to-left

base-Viterbi 68.29 (22.55) 28.21 41.73 70.36 (23.00) 30.06 43.15
fine-Viterbi 76.59 (29.01) 35.87 63.45 77.32 (30.94) 36.83 65.48
variational 79.09 (33.17) 41.30 67.23 79.04 (34.32) 40.85 68.74
max-rule-prod. 79.44 (33.74) 41.73 67.51 79.21 (34.54) 40.95 68.83
base-500-rerank 74.09 (29.31) 36.77 55.65 74.52 (28.82) 36.49 56.15

hybridchild hybridstrict
base-Viterbi 63.19 (15.04) 23.89 39.22 69.86 (29.34) 29.63 43.24
fine-Viterbi 76.56 (29.66) 39.27 65.03 73.34 (34.47) 33.95 61.06
variational 77.48 (30.53) 40.79 66.96 73.94 (33.75) 35.28 62.34
max-rule-prod. 77.69 (30.45) 41.18 67.05 73.99 (34.02) 35.48 62.37
base-500-rerank 69.30 (25.61) 31.82 52.16 72.53 (32.98) 33.68 55.41

Based on Gebhardt [2018].
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More recent experiments with dummy counts

Hybrid grammars Strict markov v1 h1, prior: 1.0, merge 90%, 5 S/M cycles
seed 0 1 2 3 average median variance

base-Viterbi 72.18
fine-Viterbi 79.81 79.26 79.48 79.57 79.53 79.53 5.18E-02
variational 80.46 80.29 80.31 80.34 80.35 80.33 5.80E-03
max-rule-prod. 80.59 80.64 80.47 80.76 80.62 80.62 1.44E-02
base-500-rerank 79.23 79.19 79.23 79.39 79.26 79.23 7.87E-03
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Evaluation on the test sets.
Method TiGerSPMRL TiGerHN08 ` ≤ 40

F1 spmrl/proper F1 EM F1-fun

Hall and Nivre [2008] dep2const - / - 79.93 - -
Fernández-González and Martins [2015] dep2const 80.62 / - 85.53 - -
Corro et al. [2017] dep2const - / 81.63 - - -
Maier [2015] SR-swap - / - 79.52 44.32 -
Maier and Lichte [2016] SR-swap - / 76.46 80.02 45.11 -
Coavoux and Crabbé [2017] SR-gap 81.50 / 81.60 85.11 - -
Stanojević and Garrido Alhama [2017] SR-adj-swap - / 81.64 84.06 - -
here LCFRS: head-outward/max-rule-product 75.00 / 75.08 79.29 42.55 67.25
here hybrid grammar: child/max-rule-product 72.91 / 72.98 77.68 41.28 66.72

† van Cranenburgh et al. [2016] DOP - / - 78.2 40.0 68.1
† here LCFRS: head-outward/max-rule-product - / - 76.91 39.22 64.91
† here hybrid grammar: child/max-rule-product - / - 75.66 38.40 64.66

Based on Gebhardt [2018].
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X Y reduct mle X-LA mle

CFG sentence sentence ∩ CFG EM EM
cont. phrase structure tree/
proj. dependency tree read-off rfe EM

LCFRS sentence sentence ∩ LCFRS EM EM
phrase structure tree/
dependency tree read-off rfe EM

LCFRS/sDCP
hybrid grammar

sentence sentence ∩ LCFRS EM EM

tree tree ∩ sDCP EM EM

hybrid tree hybrid tree ∩ hybrid grammar EM EM

derivation tree identity rfe EM
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