program
var b: bool;
var a: int;
begin
var b: int;
b:=a;
end,
b:=a
end.
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P — program D; S end.
D—varl:T |
D— D;varI: T ]
S—I=1 !
S — begin D; S end |
S—38S;S

I—a |
I—-b |
T — int |
T — bool

Figure: The context-free grammar generating a simple programming language
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P - program D;S e

end.
decl; / \
—~

7 D
, = Dj var LT S - S8

.
N
. /
S — begin D;S end /S - I:=I\\

L1
b T - bool Ve Ve 1
ST ﬂ// P declz/ \ l(/ / \ |
) - |
3

/
/// D-;va.rIT\\stat \\I—>bI—>a/
{(/ / [ )//sqr 1\\\ - —
N I= b T ne /g \‘
NS - -y !
- I->blosall
-~ N /7

-~ — ~ - 7

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: fiir den Vertrag, in dem Vertrag
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Example of a phrase structure tree

NP

\ /va
/ \

VAV AN

VBZ
A hearing is VBN NP
| / \ |
scheduled IN NN

\/\\

on DT NN today

this issue
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Penn Treebank part-of-speech tags [Marcus et al., 1994]

No Tag Description No Tag Description
1. CC Coordinating conjunction 19. PRP$ Possessive pronoun
2. CD Cardinal number 20. RB Adverb
3. DT Determiner 21. RBR  Adverb, comparative
4. EX Existential there 22. RBS Adverb, superlative
5 FW Foreign word 23. RP Particle
6. IN Preposition or 24. SYM Symbol
subordinating conjunction 25. TO to
7. 4 Adjective 26. UH Interjection
8. JJR Adjective, comparative 27. VB Verb, base form
9. JJS Adjective, superlative 28. VBD Verb, past tense
10. LS List item marker 29. VBG Verb, gerund or present par-
11. MD Modal ticiple
12. NN Noun, singular or mass 30. VBN Verb, past participle
13. NNS Noun, plural 31. VBP Verb, non-3rd person singular
14. NNP  Proper noun, singular present
15. NNPS Proper noun, plural 32. VBZ Verb, 3rd person singular
16. PDT  Predeterminer present
17. POS Possessive ending 33. WDT Wh-determiner
18. PRP  Personal pronoun 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 No Tag Description
1. ADJP Adjective phrase 8. SINV Declarative sentence with
2. ADVP Adverb phrase subject-aux inversion
3. NP Noun phrase 9. SQ Subconstituent of SBARQ
4. PP Prepositional phrase excluding wh-word or wh-
5.°S Simple declarative clause phrase
6. SBAR Clause introduced by subor- 10. VP Verb phrase

dinating conjunction or 0 11. WHADVP wh-adverb phrase
7. SBARQ Direct question introduced 12.  WHNP wh-noun phrase

by wh-word or wh-phrase 13. WHPP wh-propositional phrase

14. X Constituent of unknown or

uncertain category
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corpora: constituent treebanks

| 4

Penn Treebank (for English, 2.499 stories from Wall Street Journal)

TIGER Corpus (versions 2.1 and 2.2) (German, 50k sentences) [Brants
et al., 2004]

Japanese Verbmobil treebank (Japanese, 20k) (Kawata and Bartels, 2000),

The Bosque part of the Floresta sinta(c)tica (Portuguese, 162.484 lexical
units) (Afonso et al., 2002),

Alpino treebank (Dutch, 150.000 words, newspaper articles) (van der Beek
et al., 2002b; van der Beek et al., 2002a)

> ...

Linguistic Data Consortium https://www.ldc.upenn.edu/
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Discontinuous phrase structure tree

schnell ;
(has) (quickly) (cooked)
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Dependency trees [de Marneffe and Manning, 2008|

» 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)

» 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]

ROOT ( PADv
DET SBJW er\goof PCDET 1
A2l &)

oROOT 1A shearing 3is sscheduled son gthe 7issue gtoday g.
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dat Jan Piet Marie zag helﬁen lezen

4 ifdep.reeis

order-preserving

nsub

nsib )

! dobj dobj
® nsub '
o

dat Jan Piet Marie zag helpen lezen

if we fix a child-order
of nodes

zag

\“ helpen ‘%
E

(dat) Jan Piet Marie zag helpen lezen

Alternatives for the illustration of dependency trees.

[Nivre, 2008]
[Kuhlmann, 2013]

(This tree has a child order)

(zag, (1202))

N
@ (Jan, (0)) (helpen, (12,02))
N\

(Piet, (0)) (lezen, (1,0))

(Marie, (0))
(order annotated tree)

[Kuhlmann and M&hl, 2007]

T

(x y1 238 y2)
(Jan) (x y1, helpen y5)
(Piet) (x,lezen)

[Kuhlmann, 2013] (Marie)
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Alternatives for the illustration of dependency trees. (ii)

\

~
N ~
~

\ N \\ \\ R
“+—{Jan} 7 [Piet} T Marie] 1} [Za8] - [helpen| "7 {lezen]
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corpora: dependency treebanks

» TIGER (German, 50k) Forst et al. [2004],
NEGRA (German, 20k sentences) [Skut et al., 1997],

» Prague Dependency Treebank (Czech, 88k (version 3.0)) [Bohmova et al.,
2003],

Prague Arabic Dependency Treebank (Arabic, 28k paragraphs (version
2.0)) (Haji¢ et al. 2004), (Smrz et al., 2002), (Smrz et al., 2008)

Slovene Dependency Treebank (Slovene, 2k) (Dzeroski et al. 2006)
Danish Dependency Treebank (Danish, 5k) (Kromann, 2003),
Talbanken (Swedish, 6k) (Teleman, 1974; Einarson, 1976; Nilsson, 2005),

Metu-Sabanci Treebank (Turkish, 7k) Oflazer et al. 2003; Atalay et al.
2003)

v

v

vVvVvyYyy
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Alternative illustrations of hybrid trees

VP VP
F—Iﬁ F—Iﬁ
(a) \ ADV (b) \% ADV
hat gearbeitet schnell hat gearbeitet schnell
1 < 21 < 12 hat  schnell géarbeitet

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]

VROOT

P
I#‘ - I#I
Laut Geulen seien selbst einfachste Recherchen nicht angestellt  worden
APPR NE VAFIN ADV ADJA NN PTKNEG VVPP VAPP $.
Dat *Dat.Sg 3.Pl.PresKonj Sup.*.Nom.Pl  Fem.Nom.Pl
laut Geulen sein selbst einfach Recherche nicht anstellen  werden

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

- relevant
- not relevant
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Y1, Y2, Vs, | { Y1, Y2, Vs, " {Y1, Y2, Y3, Y4, Ys

Selected A 0 {n, 72, v3, R ’ T
Ny, N2, N3} N1} Ni, Np, N3} | Ny, No}

Precision 5 =05 [ undef. 3=05 3=075 =025 $~071

Recall 2=1 2=0 2=06 i=06 :=02 =1

Accuracy 5=05] 5=05| =05 5=07 3 =03 F =08

F-measure || 3~0066 | undef. | S ~054 | 2~0.66 2~022 2~0.83

18/113



Attachment scores

NOC

Sozialpolitik

PUNC

entwickelt i
gold standard

|
|
|
|
|
|
|
!
Hier; muss; einez neue; Sozialpolitik; entwickelts werden; .g

ADV VMFIN ART ADJA NN VVPP VAINF  §.

MO

i Sozialpolitik
I NK . .
i eine ﬁ i entwickelt oc i i UAS 7 / 8
Hier | | | | | | |
A | | o LAS: 5/8
Hier; muss; eine; neue; Sozialpolitik; entwickelts werden; .g /

ADV VMFIN ART ADJA NN VVPP VAINF  §.
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Labeled precision, recall, F1

VROOT

e
L%a = LQ‘EJ
Laut Geulen seien selbst einfachste Recherchen nicht angestellt  worden
APPR NE VAFIN ADV ADJA NN PTKNEG  VVPP VAPP $.
Dat *Dat.Sy 3.Pl.PresKonj Sup.*.Nom.Pl  Fem.Nom.Pl
laut Geulen sein selbst einfach Recherche nicht anstellen  werden

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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Y e T

oROOT 1A jhearing 3is sscheduled son gthe 7issue gtoday

(a)
ROOT
|
is
'
r T 1
hearing | scheduled
1
// r—l—\ I ,l ‘
I
(b) ;A on< | today
4 N ~
é/ ‘ AN ! RN
[N | S
/0 issue_ 1 . N
// ! T~a \L \\
, i ‘ ! IR ~
’ / ! ! \\\\\ S
A the*{ - N Tl IR
// / ! ,‘~~‘\‘\_\ S~ S
/ I I S === _ T~o S
is scheduled on the issue today

IS

A hearing
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, ).
PARSE(o,e)
¢ + cs(e)
while ¢ € C; 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

ROOT, Jan; Piet, Marie; zag, helpens lezeng
(stack) (buffer)

next action: shift
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Computation of transition-based dependency parser

shift

ROOT, Jan; Piet, Marie; zag, helpens lezeng
(stack) (buffer)

next action: shift
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Computation of transition-based dependency parser

shift

ROOT, Jan; Piet, Marie; zag, helpens lezeng
(stack) (buffer)

next action: shift
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Computation of transition-based dependency parser

shift

ROOT, Jan; Piet, Marie; zag, helpens lezeng
(stack) (buffer)

next action: swap
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Computation of transition-based dependency parser

swap

ROOT, Jan; Piet, zag, Marie; helpens lezeng
(stack) (buffer)

next action: swap
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Computation of transition-based dependency parser

swap

ROOT, Jan; zag, Piet, Marie; helpens lezeng
(stack) (buffer)

next action: left-arc
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Computation of transition-based dependency parser

left-arc

ROOT, Jan; zag, Piet, Marie; helpens lezeng
(stack) (buffer)

next action: shift
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Computation of transition-based dependency parser

shift

ROOT, Jan; zag, Piet, Marie; helpens lezeng
(stack) (buffer)

next action: shift

25/113



Computation of transition-based dependency parser

shift

ROOT, Jan; zag, Piet, Marie; helpens lezeng
(stack) (buffer)

next action: swap
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Computation of transition-based dependency parser

swap

ROOT, Jan; zag, Piet, helpens Marie; lezeng
(stack) (buffer)

next action: left-arc
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Computation of transition-based dependency parser

left-arc

) < '

ROOT, Jan; zag, Piet, helpens Marie; lezeng
(stack) (buffer)

next action: shift
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Computation of transition-based dependency parser

shift

) < '

ROOT, Jan; zag, Piet, helpens Marie; lezeng
(stack) (buffer)

next action: shift
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Computation of transition-based dependency parser

shift

) < '

ROOT, Jan; zag, Piet, helpens Marie; lezeng
(stack) (buffer)

next action: left-arc
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left-arc
ROOT, Jan; zag, Piet, helpens
(stack)
next action: right-arc

Computation of transition-based dependency parser

Maries lezeng
(buffer)
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Computation of transition-based dependency parser

right-arc
< < <
ROOT, Jan; zag, Piet, helpens Marie; lezeng
(stack) (buffer)

next action: right-arc
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Computation of transition-based dependency parser

right-arc

«— [ N

ROOT, Jan; zag, Piet, helpens Marie; lezeng
(stack) (buffer)

next action: right-arc
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Computation of transition-based dependency parser

right-arc

( — N

ROOT, Jan; zag, Piet, helpens Marie; lezeng
(stack) (buffer)

next action: done
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Construction of transition sequence

: ~ < ~ Netttae B
ROOT, Jan; Piet, Marie; ag, helpens lezeng
(stack) (buffer)
next action:  shift*
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Construction of transition sequence

~ v N ~ oL ~

: ~ : I :
ROOT, Jan; [ Piet, Marie; } zag, helpens lezeng
(stack) (buffer)

next action: swap
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Construction of transition sequence

: v v v ........ vv ........ v
ROOTy Jan; | Piet, | zag, Marie; helpens lezeng
(stack) (buffer)
next action: swap
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Construction of transition sequence

: i e RN e T s
ROOTy Jan; zag, Piet; Marie; helpens lezeng

(stack) (buffer)

next action: left-arc
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Construction of transition sequence

lleft—arc
I L OGSO

ROCTO Jan; zaé4 Piet, Maries heI[;eﬁ5 lezeng
(stack) (buffer)

next action:  shift3
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Construction of transition sequence

§ Jj |¢s ~ v | vl %
ROOTy Jan; zag, Piet, | Marie; | helpens lezeng

(stack) (buffer)

next action: swap
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Construction of transition sequence

| | At S S i
~ v ~ ~

ROCTO Jan; zaé4 Piet, hel|5er‘15 Maries Ieze‘nﬁ
(stack) (buffer)

next action: left-arc
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Construction of transition sequence

ll eft-arc

[ L) e

ROCTO Jan; zag, Piet, helpens Marie; Ieze‘nﬁ
(stack) (buffer)

next action:  shift?
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Construction of transition sequence

ROCTO Jan; zag, Piet, helpens Marie; Ieze‘nﬁ
(stack) (buffer)

next action: left-arc
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Construction of transition sequence

ll eft-arc

ROCTO Jan; zaé4 Piet, helper‘15 Maries; lezeng
(stack) (buffer)

next action: right-arc

26/113



Construction of transition sequence

lright-arc

ROCTO Jan; zaé4 Piet, helpens Marie; lezeng
(stack) (buffer)

next action: right-arc
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Construction of transition sequence

lright-arc
I |ir ) —T

ROCTO Jan; zag, Piet; helpens Marie; lezeng
(stack) (buffer)

next action: right-arc
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Construction of transition sequence

lright-am
‘ mlr ) —F—

ROOTy Jan; zag, Piet; helpens Marie; lezeng
(stack) (buffer)

next action: done
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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
» C is a set (configurations),

» T is a set of transitions; each transition is a partial function of type
t: C — C,

P ¢ is an initialization function; c¢s maps each sentencee = e;...¢e, to a
configuration ¢ € C, and

» (C; C Cis a set of terminal configurations.
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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
» C is a set (configurations),
» T is a set of transitions; each transition is a partial function of type
t: C — C,
» ¢ is an initialization function; c¢; maps each sentencee = e;...¢e, to a
configuration ¢ € C, and
» (C; C Cis a set of terminal configurations.
Moreover, we require that each configuration ¢ has the form (X, B, A) where
» ¥ € N* (stack); the top of the stack is at the right,
» B e N* (buffer); we require that X - B is a finite sequence of pairwise
distinct elements,
» Ais a set of dependency arcs of the form (i, A,j) where i,j € N and A € A
is a dependency relation,
P each sentence e = ¢; ... e, is mapped by cs to the configuration

cs(e) = ([0],[1,2,...,n],0)
» each configuration of C; 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...e, be a sentence. A transition sequence for e is a sequence
Co,m = (o, c1, ..., cm) of configurations ¢; € C such that

> o = cs(e),
» for each i € [m] thereis a t € T such that ¢; = t(¢j_1), and
> Cm € Ct.
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Let S =(C, T,cs, Ct) be a transition system for dependency parsing and let
e = e1...e, be a sentence. A transition sequence for e is a sequence
Co,m = (o, c1, ..., cm) of configurations ¢; € C such that

> o = cs(e),
» for each i € [m] thereis a t € T such that ¢; = t(¢j_1), and
> Cm € Ct.

Let Co,m = (o, c1,- .., Cm) be a transition sequence for e with ¢, = ([0], [], A).

The parse induced by Co m, denoted by h(cm), is the dependency graph
({0} U [n], A). We note that, in general, h(cp,) 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 Cp n, for e, the parse h(cy,) induced by
Co,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 Cy p, such
that h = h(cpm).
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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 Cp n, for e, the parse h(cy,) induced by
Co,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 Cy p, such
that h = h(cpm).

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
ce C.
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Transitions Conditions

LEFT-ARC, ([0 |ij], B, A) = (lo|j], B, AU{(,l,i)}) i#0
RIGHT-ARC, ([ |ij], B, A) = (lo|i], B, AU{(i,1,j)})

SHIFT ([o], [i18], A) = ([o|i], [8], A)

SWAP (lolili], 18, A) = (loli]. [il5], 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(l) | 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(l)), VP)
= S(NP(Pronoun(l)), VP(Verb, NP))
= S(NP(Pronoun(l)), VP(Verb(prefer), NP))
= S(NP(Pronoun(l)), VP(Verb(prefer), NP(Det, Nominal)))
= S(NP(Pronoun(l)), VP(Verb(prefer), NP(Det(a), Nominal)))
= S(NP(Pronoun(l)), VP(Verb(prefer), NP(Det(a), Nominal(Noun, Nominal))))
= S(NP(Pronoun(l)), VP(Verb(prefer), NP(Det(a), Nominal(Noun(morning), Nominal))))
= S(NP(Pronoun(l)), VP(Verb(prefer), NP(Det(a), Nominal(Noun(morning), Nominal(Noun)))))
= S(NP(Pronoun(l)), 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 |l | 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

PN
NP VP

| N
Pro Verb NP

\ | N
I prefer Det Nom
a No‘un Nom

morning Noun

flight
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Rules of a lexicalized LCFRS

xy1 zag y»)(nsub, dobj)
xy1, helpen y,)(nsub, dobj)
x, lezen)(nsub)

Jan)

Piet)

Marie) .

root —
dobj —
dobj —
nsub —
nsub —
nsub —

o~ o~ o~ o~~~
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Rules and a derivation of a simple range concatenation grammar

VP(x1x3x2) = V(x1,x2) ADV(x3)
V(hat, gearbeitet) — ¢
ADV(schnell) — ¢

VP(hat schnell gearbeitet)
=¢ V(hat, gearbeitet) ADV(schnell)
= ADV(schnell)
=G €
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Example of an extented top-down tree transducer

The power of extended top-down tree transducers
(Jonathan Graehl, Mark Hopkins, Kevin Knight und Andreas Maletti)
SIAM J. Comput., 39(2):410-430, 2009

Jinear and nondeleting xtt M = (Q, %, A, I, R) with

= {¢,95,9v, qNP},
. g: ésm NPE VPO, DT®, NG, VO, the® b0y, saw®, door®},

.A:(gyymmewgmemewwu%Muwmmmwwwwmh

and

o I ={q}.
q(z1) = gs(z1) (r1)
q(21) = S(CONJ(wa-), gs(21)) (r2)
a5(S(z1, VP (22, 23))) = 8'(av (22), ane (1), anp (23)) (r3)
qv(V(saw)) — V(ra’aa) (ra)
ane (NP(DT(the), N(boy))) — NP(N(atefl)) (r5)
gnp (NP(DT(the), N(door))) — NP(N(albab)) (r¢)

4(S(NP(DT(the), N(boy)), VP(V(saw), NP(DT(the), N(door)))))
=>4 S(CONJ(wa-),qs(S(NP(DT(the),N(I)oy)), VP(V(saw),
NP(DT(the),N(door))))))
=0 S(CONJ(wa-),S'(qv (V(saw)), gup (NP(DT(the), N(boy))),
anp (NP(DT(the), N(door)))))
=1 S(CONJ(wa-),S'(V(ra’aa), gnp (NP(DT(the), N(boy))),
anp(NP(DT(the), N(door)))))
=737 S(CONJ(wa-), S'(V(ra’aa), NP(N(atefl)), anp (NP(DT(the), N(door)))))
=09 S(CONJ(wa-),S'(V(ra’aa), NP(N(atefl)), NP(N(albab))))

37/113



Tree substitution grammars: four elementary trees

NP NP

PN RN

DT N DT N NN NNS

a NNJ those NNSJ| cat dogs
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Synchronous context-free grammars

ro -

rni -

gs
gs

4dsuB

dPRED
4dPRED
dPRED

qoBJ
qoBJ

dADJ
dADJ

qaDvV

A

X1X2X3 , X1X2X3)(GSUB,; GPRED, qOBJ)
x1X2X3 , x3x2x1)(GsUB, GPRED, qOBJ)

he , er)

(

(

(

(saw , sah)
(drew , zeichnete)

(loved , liebte , €)

(the x; house , das x; Haus)(gapj)
(the x; trlangle das x; Dreieck)(gapy)
(
(
(

x1 X2, x1 x2)(qaDV; 9aDY)
big , groBe)

very , sehr)
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Synchronous tree substitution grammars (STSG)

n:
r
r3
rg .

Is .
re .

© O O O
Ll didd

> o

(o(x1,x2), 0(x2,x1))(0, €)
(o(x2,x1),0(x1, x2)) (0, €)
(0(x2,x1), 0(x2,x1))(0, €)
(a, )

(

(

o(x1,x2),0(x2,x1))(e, €)
O'(Xl,XQ) 0’(X2,X1)>(O7 O)

40/113



WSTAG [following Joshi and Schabes, 1997]

Z1 Z1
| |
S
5'7/ E/P VP/CU\ \1’
rn: q1_>< ! /\ ‘ ! 2 >(q27q27f)
vV 22 V
\ \
saw sah
NP NP

| | D D

n: q2—>< N N > ra: Q3—>< ‘ ‘ >
‘ ‘ a emen

Mary Mary

AA AN
r3: qz%<m1 IT Ill? >(Q3) rs: f%< A(‘iv ¥ A‘dv *>

man Mann yesterday gestern
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WSTAG: input tree and output tree

/\

Adv

| 7 Nop

yesterday NP

S

TN

Adv

| // \

gestern VP NP
/ \

A% N
sah Mary einen Mann
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Derivation and derivation tree of a LCFRS

X1 X3 X2 X4

S(aacbbd) SNV Pty

= A(aa,bb) B(cd) - X3 X4
=c Aa,b) B(c,d) A B
¢ Alee)  Blcd) b Ik
= B(c, d) X1 X X1 X
= sty A :
=6 € L

X1 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: g € pos(d) and ne N

Hw Ny

17:
18:

q < ¢ (i.e., g points to the root of d), and n=1

. place e to the left end of the argument of S
: while true do

let t be the symbol directly succeeding the bullet in the label at position q, i.e., t € AU XU
{comma,)}
if t € A then
move e one position to the right,
if G is simple then create a new leaf labeled with t below g and set ¢’ + g1
if G is a lexicalized LCFRS then set ¢’ <+ ¢
mark position g’ as the n-th position in the linear order to be created, and set n < n+1
else if t = xj(') then
move e one position to the right, set g <— g/, and place a new instance of e in front of
the j-th argument of the nonterminal at g
else if t € {comma,)} then
remove e from the argument of position g and set g to its
predecessor if g # ¢, otherwise break

. if G is a lexicalized LCFRS then replace at each position g of d the label A by the unique terminal

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

remove all remaining parts of the dependency graph from d
return d
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, v,
< y

xix;g/’/ \\X2 V ADV
v ADV |s] |
B VH VM s

.

N
~
~

X1 gl X2
VH |h] VM hy g

Derivation tree of the simple LCFRS G and its interpretation as (discontinuous)
phrase structure tree.
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’ \\ ‘
X )/1 Y2
nsub dOb.] ﬂm root
zag,
L7 \ \ nsub | dobj
X y 1y helpen
an
nsub E dobj m 1 pens
nsub | dobj
\ [ 1
| Piet, lezeng
1
X ‘ nsub
nsub @ Marie;

Derivation tree of the lexicalized LCFRS G and its interpretation as

(non-projective) dependency tree.



Grammar induction of a simple LCFRS grammar from a corpus of

phrase structure trees with POS [Maier and Sggaard, 2008]

Input:

a corpus c of phrase structure trees with POS

Output: a simple LCFRS in the form of a SRCG G = (N, A, Z, R) such that for each h € ¢

there is a derivation tree d of G and h is the interpretation of d.

1. N+ {Z} Uset of syntactic categories U POS
2: A < vocabulary of E

3: R+ {Z(x1) — &(&)(x1) | (&,1eaves(§), <) € ¢}
4: for h = (¢,leaves(£), <) in c do

10:
11:
12:
13:
14:
15:
16:
17:
18:

5
6
7
8
9

for p € pos(&) \ leaves(¢) do

k « rks(&(p)) > number of children of p in &
if p € pospps(§) then

R+ RU{&(p)(&(P1)) — €}
else

JO « cover(h, p), JO) « cover(h, pl),..., J*K) < cover(h, pk)
let spans(J©) = (L, ..., J)) for each ¢ € [k]o
for j € [mg] do
si<e, U<+ JJ-(O)
while U # () do
let £ € [k] and i € [my] such that min(U) = min(J,-(Z))
S5 X
U+ u\JO
R & RU{E(P)(s1m) = E(P1(x{ ) - -E(PK) (<11, )

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

( \
PROAV VMFIN VVPP VAINF

dariiber; muss, nachgedacht; werden,
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Dependency tree for the sentence “Jan Piet Marie zag helpen lezen

root

Zag4
nsub | dob)j
{ ]
Jan; helpeng
nsub | dobj
[ 1
Piet, lezeng

nsub

Maries

1
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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, A, root, R) such that for each h € ¢
there is a derivation tree d of G and h is the interpretation of d
1: N < DEPRELU {root}, A < vocabulary of E, and R+ 0
2: for h = (&,1ab, pos(§), <) in ¢ do
3:  for p € pos(§) do
4 k < rks(&(p)) > number of children of p in &
5 if p € leaves(§) then
6 R+ RU {deprel(p)(&(p)) — ¢}
7 else
8
9

JO)  cover(h, p), SO « cover(h, p1),..., J*) «— cover(h, pk)
let spans(J(©)) = (J{Z)7 R J,(,fg)) for each ¢ € [k]o

10: for j € [mg] do
11: @%aUH#m
12: while U # () do
13: if min(U) = ord(p) then
14: sj <+ s;&(p)
15: U« U\ {ord(p)}
16: else
17: let £ € [k] and i € [my] such that min(U) = min(J,-(Z))
18: Sj < S X;
(€)
19: U+ U\ J;
20: R < R U {deprel(p)(si,m,) — deprel(pl)(xl(vlrll) .. deprel(pk)(xl(fn)lk)}

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

NP/ \
T

the man with the telescope
NP/ \

| / \
Bob saw

/ \
NP PP

/N VTR
the man with the telescope
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An abstract syntax tree and the images under 7y and [.J*¢7%S

VP — <x1(1)xl(2)x2(1)>(V,ADV) (x(l)x(z)x( ))
| | |
T
V= 6Dy (vH, VM) ADV — (schnell) — >~ (xDxy  (schnell)
\ ’_l_‘
| |
VH — (hat) VM — (gearbeitet) (hat) (gearbeitet)
J ﬂ.]fCFRS

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

abstract syntax tree: derivation tree:

VP = (xVx®@xM) (v, ADV) VP

V = @y (vE, VM) ADV — (schnell)

ﬁ‘ﬁ

VH — (hat) VM — (gearbeitet)

Xl X2 X3
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Generic inside-outside EM algorithm.

Prerequisites: unambiguous Y-grammar G = (N,X, Z,R) and Y-algebra Y = (W, p);
Input: finite W-corpus c: W — R>o

some initial probability distribution pg : R — R>q
Output: sequence pi1, p2, ... of probability distributions for R

1: i+ 0
2: while true do
3. // first, compute count ¢’
let count ¢’ : R — Rxg be defined by ¢’(p) = 0 for each p € R
for w € supp(c) do
(Q.X,Z,R) «+ (Gry w)
compute the inside/outside weights in and out for the PY-grammar ((G > w), p; o ¥)
if in(Z’) # 0 then
forne R',n=(q— o(q1,...,qx)) do
10: (9(n) + () + c(w) -in(Z") 7 - out(q) - pi(¥(n)) -in(q1) - ... - in(qk)
11:  // second, normalize count to a probability distribution
12z for Ac N do

© © N g s

13: s Y per, €'(P)

14 if s =0 then

15: for p € Ra do

16: pi+1(p) < pi(p)

17: else

18: for p € Ry do

19: pi+1(p) st c(p)

20: output pjy1
2L i i+1
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Example of reduct for a CFG G and a string w.

Z — (xix2)(A,B') (x1x2)
’_ﬂ_‘ =,
A (@) B = (bb) @ (bby LI
It abb
7 — <X1)<2X3>(A7 B,B) <X1X2X3> ﬁ
| Ty |
\ \ \ b
A—(a) B—(b) B-—(b) (a) (b) (b)
7 — <X1X2>(AB/) ‘ <X1X2X3>(A,B,B) | <X1>(B)
A — (a)
B’ — (bb) w = oarbobs
B — (b)
Z(0.3) = (x1x2)(A(0,1)B1 3) Ao,y — (a)
Z(0,3) = (x1x2x3)(A0,1) B(1,2), B2.3)) B(1.2) = (b)
Bl13) — (bb) B(2;3) — (b)
Zo,3) = (x1x2)(A0,1,B] 3) Z(0:3) = (x1x2x3)(A(0,1), B(1,2), B(2.3))
\ } |
A — (@)  Biys) — (bb) A1) — (@)  Baa — (b) Bz — (b)
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Weighted deduction system for basic PLCFRS parsing.

SCAN: if p=(A— (w;)) inR

P(p):[A,(i—1,i)]

RULE: -ilBuf) .o ue [Biofl if p=(A Bi.....BJ))in R
SN e AT if p=(A—0(Bi,...,Bx))in

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

Input:

PLCFRS (G, p) with monotone, e-free, and simple G = (N, A, Z, R)
and w € A*

Output: either “w € L(G)" or "w & L(G)"

1: add each item generated by SCAN to A
2: while A # 0 do

3:

10:
11:
12:

13:

© o N T s

(u:[AR]) « arg MaX (4 7)) eA u

A A\ {(u: AR
C+CU{(u:[AR]D}
if (u:[A,R]) is goal item then output “w € L(G)" and stop
else
for each v : [B,7]] deduced from u : [A, R] and other items in C by RULE do
if there is no z with (z : [B,7]) in AUC then
A+ Au{(v:[B,7])}
else
if (z:[B,7]) in A for some z then

A (A\{(z: [B,7])}) U {(max{v, z} - [B,7])}

14: output “w & L(G)"
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Example for a Hypergraph

€5

y Q| €1
Y| €3

o G| e2

€4
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Some useful functions specified in a functional programming style.

-- standard Haskell functions: list deconstructors, take operation
01 head (x:x8) = x
02 tail (x:xs) = xs
03 take n xs = [] if n == 0or xs == []
04 take n xs (head xs):take (n-1) (tail xs)

-- merge operation (lists in L should be disjoint)
05 merge £ = [] if L\{[1} =0
06 merge £ = m:merge ({tail 1|1€ L, 1 != [], head 1 == m} U
{1/1€£,1'=1[], head 1 !'= m})

07 where m = minf{head 1 |1€ £, 1 !'= [1}
-- top concatenation
08 e(ly,...,1x) = [I if 1; == [] for some j € {1,...,k}
09 e(11,...,1) = e(head 1i,...,head 1x):merge Uicrr . 4y €(1f,---1})
1j Ifj <i
10 where 1} = (¢ tail 1; if j=1

[head 1;1 ifj>i
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Algorithm solving the 1-best-derivation problem.

Require X-hypergraph H = (V, E), linear pre-order = fulfilling SP and CP.
Ensure b v € ming(H,) for every v € V such that if b v == [e(&1,...,&)]

for some e = (vi...vk,0,v) € E, then b v; == [£] forevery i € {1,..., k}.
01 b = iter PO {(s,a,v) € E|ac X}
02 PO v = []
03 iter PP =P
04 iter P ¢ = iter P’ ¢’
05 where
06 £ =min ¢ and £ € H,
07 P> = (P//(v,[£1))
08 c’ = Ue:(vl...vk,o,vE%EE e(P, vy, ... ,P’ Vk)
P’ v ==
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Algorithm solving the n-best-derivations problem.

Require X-hypergraph H = (V, E), linear pre-order 3 fulfilling SP and CP.
Ensure (take n (p v)) € mm,,(H ) for every v € V and n € N.
01 pvs=1[] if bv==1I]
02 pv= el &)
:merge ({tail e(p vy,...,p V4)} U
{p vi,....p Vi) | € =(vf...v,,0',v) € E, € # e})

if b v==_[e(&,...,&)] where e=(vi...vk,0,V)

61/113



Binarizing a LCFRS.

Input: LCFRS G = (N,A,Z,R)
Output: binary LCFRS G’ = (N, A, Z, R') such that L(G) = L(G')

1: for each rule r of the form A(wi,...,wp) — Ar(x1,.. .. X4 ), s A(Xm—l 415 - - - » Xm) With
k> 2do
2:  remove r from R
3 P«
4:  take new nonterminals Cy,..., Cx_o
5. add the rule A(w,...,wp) = Ai(x1,...,x;), Ci(a1) where a7 is the
reduction of (wi,...,wy,) by (x1,...,x;).
6: foreachiwithl <j<k-—3do
7 add the rule C,(C?,) — Ai+1(Xm,-+17 . 7Xm/.+1)C,'+1(Oz,'11) to P where o1 is the reduc-
tion
of & by (Xmy+1,- -+ Xm;)-
8:  add the rule Ce_o(ax’2) = Ak—1(Xmy_pt1s- - s Xmy_y ) Ak (Xmy_y+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, A, Z, R')
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A simple definite clause program (SDCP)

S(e; x2) —  A(x3; x1,x2) C(x1;x3)
A(xa; x2, x3) —  B(e;x1,x2) F(x1,xa; x3)
B(e; x1,x2) — D(e;x1) E(g; x2)

D(e; Piet) — ¢
E(e; Marie) — €
F(x1,x2; helpen(xi, x2)) — ¢
C(x1; lezen(x1)) — ¢
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A derivation of a SDCP

S(e;h(P,1(M)))

= A(I(M); M, h(P,(M))) C(M;I(M)) (x1 =M, x, = h(P,I(M)), x3 = I[(M))

= B(e; P,M) F(P,I(M); h(P,I(M))) C(M;1(M)) (1 =P, x,=M,x3 = h(P,I(M)), x4 =I(M), x = P)
= D(e;P) E(; M) F(P,I(M); h(P,I(M))) C(M;I(M)) (x; =P, xp = M)

= E(e;M) F(P,I(M); h(P,I(M))) C(M;I(M))

= F(P,I(M);h(P,I(M))) C(M;I(M))

= C(M;I(M)) (a1 =P, x2 =1(M))

= €

64/113



Derivation tree of a sDCP.

X4 X1
1 K \ \
\ 1 \~_~ Mo _’
S~ __ 7 ‘\\ ===
P PO RN )‘<
7’ PN \
X1 X2--
h3
o () GOt e[ 2
X1 X2
X1 X2
1 \ \ \
- _-7 S~a \\ S 7
- \\ ~ 7
’ .7 N Se~e___- -
X1 X2 Pi M hs I
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A (LCFRS,sDCP)-hybrid grammar.

( S(tuvw) — A(t,v) C(u,w) , S(g2) — A(y;z) C(gry) )
( A(t,helpenZ) — B(t) . A(y;helpenZ(x,y)) — B(e;x))

( B(Piet?) — e . B(c; Piet) - &)

( C(u,lezenD)  — D(u) . C(e;lezenZ(x)) — D(e;x)

( D(MarieD) — € ., D(e; Marie?) — )
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Derivation of a (LCFRS,sDCP)-hybrid grammar.

(S(Plet.Marle.helpenIezen) , S(¢; helpen” (Plet. lezen™ (Marle))))
= ( A(Piet? helpen®) C(MarieZ lezen?) | A(¢;helpen (Piet, §)) C(c; lezen™ (Marie?)) )
= ( B(Piet™) C(Marie” lezen™) , B(g; Piet™) C(c; lezen™ (Marie?)) )
= (C(Marle. lezen') , C(s;lezenE(Marle)) )
= ( D(Marie®?) , D(e; Marie?) )
= < 5 ) € >
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A derivation tree of the example hybrid grammar.
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Parsing a string with probabilistic hybrid grammars
[Gebhardt et al., 2017]

Input: probabilistic hybrid grammar (G, p) over ¥ and A
W=wy W, €2*
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 d

4: traverse d 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 7(d’)
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Example: Parsing a string with probabilistic hybrid grammars
[Gebhardt et al., 2017]

& pVP | & v
enrich
- .
- ,_’ _ _( dependency p1:VP X1 X2
” - ./ v
.- . \

raph
X1 X3 grap!

,:V [h]g] p3ADVE

standard
LCFRS parser

~o X2

X1 X3 \Y 1 X2 ADV
@ .

for G’

T 51 = hsg

d" VP
w=hsg p1:VP X’1_‘_>‘<2

- - >
. -7 PREAERN ~

X1 X ’\\XZ :’-;)I(DQV
p2:V . p3:ADV
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Two examples of recursive partitionings of a string of length 7.

(1,2,3,4,5,6,7} (1,2,3,4,5,6,7}
{1,2,3,5.6,7} ! {1,2,3,5.6,7} !
(1,3,6,7} (2,5} (3,7} (1,2,5,6}

{Lor 37 f2h {5 B A7 L6 {25
{1} {6} {3} {7} {1} {6} {2} {5}
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Induction of a LCFRS from a string and a recursive partitioning.

Input: astringw=wy---w, € **
a recursive partitioning w of w
Output: a simple LCFRS G that parses w according to m; fanout of G equals fanout of =
1: function INDUCE LCFRS(w,7)

22 P+ > set of LCFRS rules

3. for p € pos(m) do

4: j < number of children of pin 7

5: Jo < m(p), S < w(pl), ..., Jj < 7(pj)

6: if Jo = {i} for some i € [n] then

7: P+ PU{{i})(w;) — &}

8: else

9: for £ € [jlo do (Jp1,. .., Jok,) < spans(Jy)

10: for g € [ko] do

11: let rand ¢1,...,¢, € [j] and q1 € [ky,],---,qr € [ke,] be such that
Jog=Jdoy,gn U---Udpq and i € Jy, g0, 1" € Ji,\ 1 q00, implies i < 7

12: Sq Xc(,il) . .Xc(,g )

13: P PU{(Jo)(s1,6) — (J1)(x{ kl) e Y Lk )

14:  return G = (N, ([n]),X,P), where N ={(J) | J is label in 7}

72/113



Induction of a LCFRS from a string and a recursive partitioning (2)

string: hsg
recursive partitioning: {1,2,3}
13 (2
{1} {3}

induced rules:
{1,2,3})(axsx2) — ({1,3})(xa, x2) ({2})(x3)
{1,310, %) — {1})(x) {3} (x)
{1H(h) = ({2})(s) = ({3})(g) = ¢
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Induction of a LCFRS from a string and a recursive partitioning (3)

string: hsg
recursive partitioning: {1,2,3}
1.2 (3
{1v {2

induced rules:
({1,2,30ax2) — {1,2H)(x) ({3})(x)
{12} (axe) — ({1}0a) ((2})(x)
{1})(h) — e ({2})(s) e ({3})(g) — ¢
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Induction of a LCFRS from a string and a recursive partitioning (4)

string: Jan; Piet, Maries zag, helpen; lezeng

recursive partitioning: {1,2,3,4,5,6}
{ N \
{1} {2,3,5,6} {4}
1
{2} {36} {5}
]
{3} {6}

induced rules:
11,2,3,4,5.6 ) (X VxP Py = ({IOEM) 142,35, 610047, ) ({430 ()
112,35, 600X x5y = (120047) 143,61 (7, 47) ({51 (x)
113,63 07, x2) = (3004 ({63 ()

({6})(lezen) — ¢ ({5})(helpen) — ¢ ({4})(zag) — ¢
({3})(Marie) — ¢ ({2})(Piet) — ¢ ({1})(Jan) — ¢
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Induction of a LCFRS from a string and a recursive partitioning (5)

string: Jan; Piet, Maries zag, helpen; lezeng
recursive partitioning;: {1,2,3,4,5,6}
1
{1,2,3,4,5} {6}
]
{1,2,3,4} {5}
induced rules: o {4}

1{1,2.3,4,5,6}) ("x?) = ({1,2,3,4, 51 (") ({6})(?)
1{1,2.3,4,5)) (") = ({1,2,3,430047) ({53 (x)
112,23, 4105 = ({11,2,30047) ({43 ()

({6})(lezen) — ¢ ({5})(helpen) — ¢ ({4})(zag) — ¢
({3})(Marie) — ¢ ({2})(Piet) — ¢ ({1})(Jan) — ¢
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Comparison LCFRS induction: direct vs. recursive partitioning (1)

1 5

NP oot Tntli et
' Algocitiom b.AiA,
ve —
[
oy VATNF
PRoAv  VNFIV V\P |
|
(TN
docibec W\\A"ll WLB‘“""L';"'”"( L
1

Vit

N ole
LE, Qe
O‘O;ﬂ:b”\/" foae it % ~adkgeclectdy f

oxlactio A | |
~@CLOWVE p““*“’”“}

N

- TARE 3
|

fepadia o]
e etk

/*‘3""4‘:”“ mzA

{4‘13 {LV‘S

e (
{43 ey}

G

2, ) 2 «Sile )

G) () Q)

12 o) ()
Slx, % x, ) —sumEiN (x) VP(<IXY)

A v) @ @)

vP(x(:", x;’x:“) — Ve lK, % ) VANE (x. )

I
v(’/rf‘, xr:‘) - P?oﬁ/*(xf\) weele,))

PRo AN ( deviae e
VREIN (s ) =2 €
VPP (wazJ«SH’“*“) &% &

GRINFE(S o) § <X o€

" : e @)
Crna s Th i Ly Catiy
iy ) )

€ 36324 <xD) - (3D (X,%2) EM)(X@? ;
4';53( ?n’ ) ) - 1@13)(;&") HH)(K‘)

(TN Xay %4

¢t (oats) 20 &

€23 (ovwm) = <

C1yy (rodguiate) = £

ik - ;i

77/113



{-m«l’
@) @ @) o) b
B % e frooL(x) }.:\sz)mwm(x.‘)mt)j(xi’xl
Sub l daly s aplatt iy 2 ; m Xm)
W’F“Z’)M&' A olaby ( x x,, Lelpe &2 )‘)Muﬁ(xﬂ)p(qlq) i
4 ao.‘AA Qe/q;,e..\s- > Aubj (xtﬂ‘ oo s Mw‘a(*/;,)
&
wsule [ oloby =5: ediiil g
1 (A (Piet ) - ¢
Plek, Soren wo fas
l yosth © Elhea®) =) &
Po<ez
b ' R )= el (i) )
' (PPRTY, e i (\ (y P
potbinty \‘/ d“u”;)[xnx(?, K (1)) )“Zn(l ) (B (E 2 @ 4{”)(
%30y ) (u
# PAcUS ek s (s> (OT) - @328y (3T )
3456
{123,45.63 ik iy s 18
@) 7 &
43 {3 :
Jay  ased 1 S”f MEREIEI
o \OlacA - o
- l \ S ey Creg) ¢
Ll T B iy g, A2.24 (3 (Lke) = €
5, %0
fE 1 (6y) ()
{33 <6}

Comparison LCFRS induction: direct vs. recursive partitioning (2)

78/113



Three pipelines for LCFRS induction

(a) tree

L @ string

rec.

binary

(b) tree with

—

str+rec. part.

LCFRS induction

unrestricted
LCFRS

s

str+rec. part

LCFRS induction binary

LCFRS
%
with

(

fanout k

fanout k
str string
hybrid |/r-branching
(c) tree rec. par.

LCFRS induction
str+rec. part.

(reversed)
FA

s

ﬁ

L @ string
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A dependency structure and the recursive partitioning extracted from
it

helpen {i} 2 3‘5 6} {j,}

i lezen 1
; ! {2} {3.6} {5}
- -

i Me;rie
o ‘ {3} {6}

n Piet Marie zag helpen lezen

o @ 6 @6 6 ©

zag {17273747576}

[

a

! I

|

! Piet
|

|

a

80/113



Extraction of recursive partitioning from hybrid tree

Input:  a hybrid tree h = (&, U, <) with U ={p1,...,pn} and n >0
where p; < pi+1 for each i € [n— 1]
Output: a recursive partitioning of str(h)

1. function EXTRACT _RECURSIVE__PARTITIONING(h)

2:  return REC_ PAR(¢)

3: function REC__PAR(p) > p € pos(§)
4 vee > v & (Tp(a))”
5. if pe Uthen v« {i}if p=p;

6: for p’ € children(p) do

7 v < v - REC_PAR(p’) > concatenation of strings v and REC__PAR(p')
8

9

if |v| <1 then return v

. else
10 Ve UL v)E)
11: sort v such that min(v(j)(g)) < min(v(j + 1)(¢))

12: return V(v(1),...,v(]v]))
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Transformation of recursive partitioning

Input: a recursive partitioning 7 of a string of length n
an integer k >1

Output: a binary recursive partitioning 7’ of fanout no greater than k

1: function TRANSFORM(m = J(t1,...,tm))

2. if |[J| =1 then

3: return J

4:  breadth-first search p in pos(w) \ {€} such that 7(p) and J \ 7(p) have
fanout < k

5.t < FILTER(7(p), )

6: return J(TRANSFORM(7|p), TRANSFORM(t))

7: function FILTER(J/, ™= J(tl, RN tm)) >J C [n], e (TP([n]))*

8: F—J \ J

9: if |F| =1 then return F

10. else if |F| =0 then return ¢

11:  else

12: s < FILTER(S, 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

{17273747576}
S
{1} {2,3,4,5,6}
1
{2} {3,4,5,6}
1
{3 {4,5,6}
]
{4} {5,6}
]
{5} {6}

C @ Piet @ Marie (7>
(o) (5-0)

lezen
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Induction of sDCP from phrase structure tree and rec. part. |

Input:  a phrase structure tree h = (£, leaves(£), <) with leaves(§) = {p1,...,Pn}
where p; < p;y1 for each i € [n— 1]
a recursive partitioning 7 of str(h)

Output: a sDCP G that generates £ according to 7

1: function CoNsTRUCT__SDCP((¢, leaves(§), <), )
P+ > set of SDCP rules
for p € pos(7) do
m < number of children of pin 7
Jo < m(p), S < w(pl), ..., I < w(pm)
<I£0)7 e /,E?) + gspans(C(J))
(Oii), ce O,((:)> < gspans(C(J;)) for each i € [m]
for each g € [k{] do
r<— mingl(lt(qo)) > r is the root of Igo)
&q <+ CONSTRTREE(r, (O}i) | i€ [m],je[ki]))
P = PU (b (ei 1) = (ib(eixg) - Ui i)}
return G = (N, ([n]), X, P), where N = {(J) | J label in 7}

©oN o gk wh

= =
[ e
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Induction of sDCP from phrase structure tree and rec. part. |l

13: function CoNsTRTREE(r, (O | i € [m], ] € [K]))
> r € pos(§), (O}i) | i € [m],j € [ki]) family of subsets of pos(§)

14:. ifre Ofi) for some i € [m], j € [ki] then
(@

15: return Xx;

16: else

17: let children(r) = (r,...,re)

18: for g € [(] do

19: Cq < CONSTRTREE(ryg, (Ofi) | i€ [m]je€[k]))
20: return o((y, ..., () where o = £(r)
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Induction of sDCP from dependency tree and rec. part. |

Input:

Output:

a dependency tree h = (&, lab, U, <) with U = {p1,...,pn} ; pi < pit1
a recursive partitioning 7 of str(h)
a sDCP G that generates ¢ according to m

10:
11:
12:

13:
14:

1
2
3
4
5:
6.
7
8
9

: function CoNsTRUCT__SDCP((&, lab, U, <),7)

P10 > set of sSDCP rules
for p € pos(w) do

m < number of children of p in 7
Jo < w(p), h < mw(pl),...,dm < w(pm)

(Ifo)7 co I,E,)) — gspans(T( () > I: inside attributes
(Of)), ce O,E?) <+ gspans(L(M(kh))) > O: outside attributes
(00,..., 0 + gspans(T(N(J;))) for each i € [m]

<,§i)7 o I;Ef)> + gspans(L(M(J;)) for each i € [m] > note: each Iéi) and O((,i) is a

singleton

for each £ € [m]o and g € [k;] do
let 1) = {r}

5((,1) — CONSTRTREE(r, (Ofi) | i € [m]o,j € [k]))

P = PU{(D (i 600) = D(ELL X0 - U (€] i X))

return G = (N, Q[n]D, Y, P), where N ={(J) | J label in 7r}
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Induction of sDCP from dependency tree and rec. part. Il

15: function CONSTRTREE(r, (Ofi) | i € [m]o,j € [ki]))
> r € pos(§), (O}i) | i € [mo,j € [ki]) family of subsets of pos(§)

16: ifre O}i) for some i € [m]o, j € [ki] then
O]

17: return x;

18: else

19: let children(r) = (1, ..., re)

20: for g € [{] do

21: (q + CONSTRTREE(rq, (O;i) | i €[m]o,j € [k]))
22: return o((1, ..., () where o = £(r)
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grammar induction from one hybrid tree:

hybrid tree
h=(§ U, %)
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grammar induction from one hybrid tree:

hybrid tree hybrid
h=(§U, =) grammar G

L(G) = {h}
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grammar induction from one hybrid tree:

LCFRS G;
hybrid tree synchronize L, hybrid
h= (& U, x) non-/terminals grammar G
sDCP G;

L(G) = {h}
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grammar induction from one hybrid tree:

sentence induction
st sir(h) | of LcFRs [~ FCFRS @1
hybrid tree synchronize L, hybrid
h=(&U,=x) non-/terminals grammar G

sDCP G

L(G) = {h}
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grammar induction from one hybrid tree:

]

hybrid tree
h = (57 U7 j)

-
L(6) = {h}

sentence
str(h)

—_—

induction
of LCFRS

> LCFRS G;

synchronize
non-/terminals

tree { ———»|

induction
of sDCP

— sDCP G,

hybrid
grammar G
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grammar induction from one hybrid tree:

sentence induction
> str] str(h) — ——=| of LcFRs [~ SCFRS @1

hybrid tree rec. part. T synchronize L, hybrid
h=(&U,X) of {1,...,|U|} non-/terminals grammar G
! induction
] tree | tree § ——————F NI = sDCP G

L(G) = {h}

parsing of str(h) according to 7
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grammar induction from one hybrid tree:

induction
of LCFRS

> LCFRS G;

synchronize
non-/terminals

sentence
str(h) —
hybrid tree , e part. w
h=(§U,2) of {1,..,|U[}
F» tree§f ———%

L(G) = {h}

parsing of str(h) according to

induction
of sDCP

— sDCP G,

™

hybrid
grammar G
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< (]{1’ 2, 3}D(X1X3X2)
({1,2,3})(e; VP(x1, x2))

( q{]-? 3}D(X17 X2)
({1, 3}D(e; V(x1, x2))

(({1D(T) — e
(({2N(") = e

(1B33(EY) — <

L

U

9

({1,330, x2) ({21)(xs)
({1,330(e: 1) ({2} (e x2) )

{13 0a) ({31 0x)
[{1})(e %) ({33D(ei %) )

{1})(eh?) — &)
({2})(e: ADV(s?)) — ¢)

13(g®) — €)
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( ({1,2,3})(x1x)
(]{17273}D(€;VP(V(X17X3 7X2))

( ({1, 2}) (xax2)
(]{17 2}D(E; X1, X2)

(
)

(H{1(OT) = ¢

(({2)EY) = €

(({31(E") — ¢

L4 14

({1,2}0(xa) ({33(x2)
({1,2})(e %1, x2) ({3}D(e:x3) )

{13)0a) ({2} 0x2)
{13 (ea) ({23 (e x2) )

{1} (eh?) — &)
({2})(: ADV(s™)) — )

1{30(e™) = <)
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X1
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X1
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A (too) simple pipeline for modelling, training, and testing

. 5 probabilistic model
assumptions *>—> M C M(H)

training data J A
(corpus) —>—> P EM

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

training
corpus

‘

grammar induction ‘

I I

nonterminal recursive
naming partitioning
scheme strategy

prob.at.)lllty beM
training

|

number of
EM iterations
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A training pipeline with a development set

training probability -
— . . E— . evaluation | — score
corpus grammar induction training

w w [ pem

nonterminal recursive
naming partitioning number of
scheme strategy EM iterations

development
corpus
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. arg. . a & :
extraction ab nont. rules frax  fag fail < £ UAS LAS LA  time
- > 3

child labeling

direct P+D 4,739 27,042 7 1.10 693 51.7 40.7 522 408 426 253
k=1 P+D 13,178 35071 1 100 202 759 687 77.0 69.1 733 288
k=2 P+D 11,156 32,231 2 1.17 195 765 696 777 70.1 742 355
r-branch P+D 42,577 79,648 1 1.00 775 455 3311 457 328 347 49
I-branch P+D 40,100 75,321 1 1.00 768 458 334 460 332 35.0 45
direct POS 675 19,276 7 1.24 303 687 515 693 500 554 300
k=1 POS 3464 15826 1 1.00 30 81.7 655 825 635 70.6 244
k=2 POS 2,009 13347 2 140 35 8l.6 652 824 633 705 410
r-branch POS 19,804 51,733 1 1.00 372 627 464 627 447 50.6 222
I-branch POS 17,240 45883 1 100 342 63.7 474 639 456 514 197
direct DEP 2,505 19,511 7 1.13 3 785 722 789 716 78.6 484
k=1 DEP 8,059 22,613 1 1.00 1 785 717 795 717 79.0 608
k=2 DEP 6,651 20,314 2 1.20 1 787 721 798 72.0 79.2 971
k=3 DEP 6,438 19,962 3 1.25 1 786 720 795 719 79.1 1,013
r-branch DEP 27,653 54,360 1 1.00 2 760 684 763 675 76.1 216
I-branch DEP 25,699 50,418 1  1.00 1 758 684 762 67.6 76.1 198
cascade: child labeling, k = 1, P+D/POS/DEP 1 832 76.2 843 76.1 81.6 325
LCFRS Maier and Kallmeyer [2010] - 790 718 - - - -
rparse simple 920 18,587 7 1.37 56 77.1 706 773 700 76.2 350
rparse (v =1, h=3) 40,141 61,450 7 1.10 13 784 722 785 714 79.0 778
MaltParser, unlexicalized, stacklazy 0 850 802 856 80.0 850 24
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A ranked alphabet ¥ and algebras A, and A; for CFG parsing

Y = {fy,h,h}
ti: S D f D fi t: S
U an . f'l 2 ’}1 [ > IRTG [Koller and
/B\ - /A /Z\F\: /B\ Kuhlmann, 2011]
/B\ B /f2\ fo fo /f2\ B /B\ Ts: derivation trees
:? EF ‘ fo fo fo fo ‘ ‘B ,? T: parse trees
b bb |[]|A;\‘ 4/|.[‘]]As bb b S: sentences
s:bbb
foAs()= b foe() = B(b)
A (x1) = x1 A (x) = S(x1)
f2A5(x1,xz) = X1X0 szt(XLXz) = B(x1, x2)

Based on Gebhardt [2018].
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Two RTGs over X and their valid runs on &; and & with probabilities.

rn: $ rn: $
(G,p):S— fi(B)  #1.0 B B
B — f(B,B) #0.2 BB BB
B — fy() #0.8 B B B B

0.22.0.8% 0.22.0.83

(G’,p’):S — fl(Bl) #1.0 B — fo() #0.25
Bl — fQ(Bl, Bg) #0.5 BQ — fo() #1.0
By — f(B2,B1) #0.25

r3: 5 ry: 5 Is: 5 Ie: $
B B B By
B B B B B, By B, By
B B B, B B B B, By

0.52.0.251 0.51.0.252 0.51.0.252 (.253

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

A= f(B,C) #0.4
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Generic grammar refinement [Gebhardt, 2018]

Ar — (B, i) #0.1
A1 — f(Bl, Cz) #01

Q\\\,
A= f(B,C) #04 A9
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Generic grammar refinement [Gebhardt, 2018]

A — f(Bl, Cl) #01
A1 N f(Blv CZ) #01 Al — f‘(Bl7 Cl) #0102
Ar — f(Bi, G) #0.097

break t/go
&
A— f(B,C) #0.4 £9
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Generic grammar refinement [Gebhardt, 2018]

Ay — f(By, GG) #0.1
A — f(Bh CZ) #01 A — )“(Bl7 Cl) #0 102

A1 = f(Bl, Cz) #0 097
A= f(B,C) #0.4 '

break t/go

A1 = f(Bh C1) #0321
AL — f(B1, G)) #0.094
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Generic grammar refinement [Gebhardt, 2018]

Ar — (B, i) #0.1
A1 N f(Bh CZ) #01 Al — )“(Bl7 Cl) #0 102

A1 = f(Bl, Cz) #0 097
A= f(B,C) #0.4 ’

break t/go

A1 = f(Bh C1) #0321
AL — f(B1, G)) #0.094

A — f(B, C;) #:0.289
A= f(B, G) #0.104
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Generic grammar refinement [Gebhardt, 2018]

A — f(Bl, Cl) #0.1
A1 N f(Bh CZ) #01 Al — )“(Bl7 Cl) #0 102

A1 = f(Bl, Cz) #0 097
A= f(B,C) #0.4 ’

break t/go

A1 = f(Bh C1) #0321
AL — f(B1, G)) #0.094

JA — f(B, C;) #0.289

A= f(B, G) #0.104

A — f(B, C;) #0.310
A= f(B, G) #:0.082
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Generic grammar refinement [Gebhardt, 2018]

Ar — (B, i) #0.1
A1 N f(Bh CZ) #01 Al — )“(Bl7 Cl) #0 102

A1 = f(Bl, Cz) #0 097
A= f(B,C) #0.4 ’

break t/go

A1 = f(Bh C1) #0321
AL — f(B1, G)) #0.094

L)) ’
A~ (B, G) #0.309 g,
A= (B, G;) #0.083 A (6. C) #0259
o il 0
A= (B, G) #0.104

A — f(B, C;) #0.310
A= f(B, G) #:0.082
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Generic grammar refinement [Gebhardt, 2018]

Ar — (B, i) #0.1
A1 N f(Bh CZ) #01 Al — )“(Bl7 Cl) #0 102
A — f(Bh Cz) #0.097

break t/go

A= f(B,C) #0.4 ’
A1 = f(Bh C1) #0321

Ay — f(By, G) #0.094

L)) ’
A~ (B, G) #0.309 g,
A= (B, G;) #0.083
A (B, G) #0.289
A= (B, G) #0.104

A — f(B, C;) #0.310
A= f(B, G) #:0.082

EM traimng
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Generic grammar refinement [Gebhardt, 2018]

Ay — f(By, C1) #0.102

Ar — (B, i) #0.1
A — f(Bh Cz) #0.097

A1 — f(Bl, Cz) #01

break t/go

A= f(B,C) #0.4 ’
A1 = f(Bh C1) #0321

Ay — f(By, G) #0.094

A= (B, Ci) #0.305
A — f(B, G) #:0.089

% ’
A (B, G) #0309 o, '
A — f(B, C;) #:0.289
A= f(B, G) #0.104

A= f(B, G) #:0.083

ltrainlng

A — f(B, C;) #0.310
A= f(B, G) #:0.082
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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)= > > II P(A—f(Bi,...,Bk))  Exact

EeTy: rerunsy(€) 7r€pos(£)
[€]a.= rule® =A—f(Bi,...,Bx)
[las=s
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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)= > > II P(A—f(Bi,...,Bk))  Exact

EeTy: rerunsy(€) 7r€pos(£)
[€]a.= rule® =A—f(Bi,...,Bx)
[las=s

Alternative, feasible parsing objectives are used in practise:

Pt ]Gop)~ rerunse (€) gos(g(_A%f(Bl,...,Bk)) Viterbi
E}j:zs rule? =A—f(By,...,Bk)
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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)= Y > II pA=1fB,..
EeTy: rerunsy(€) 7r€pos(£)
[€]a.= rule® =A—f(Bi,...,Bx)
[€las=s

Alternative, feasible parsing objectives are used in practise:

P G,p)~ A= f(By,. ..
(hs1Gp)= max - max o I] p(A=ABL
[€]la.= mEpos(£):
[€las=s rule® =A—f(B,...,Bx)
P G,p)~ A= f(By, ..
(6s]Cop)~ max max IT a(A— 18,
[€]la.= s mepos(§):

rulef =A—f(By,...,Bk)

., Bk)) Exact
,Bk))  Viterbi
., Bk))

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

9([A, qo]l — f([B1, q1], - - -, [Bk; qkl))
_ Z OUt([Alqu]) ‘p([Alqu] — f([Bivql]""’[B;ﬁqk]

in([S
P (.
A'—f(By,...,B,) refines A=f(By,. .. ,Bk)
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Statistics on induced base grammars on TiGerHNO8

nonterminals rules lexical rules coverage dev. set
LCFRS, 767 50,153 28,080 78.3%
LCFRS,y, 817 49,297 28,080 76.5%
hybridchild 288 39,123 28,080 82.9%
hybridsgrict 32,281 108,957 28,080 50.0%

Based on Gebhardt [2018].

101/113



Results TiGerHNOS8 dev. set for sentences length < 40.

Objective ‘ F1 (disc) EM Fl—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 hl, 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

103/113



Evaluation on the test sets.

Method TiGerSPMRL TiGerHNO8 ¢ < 40
F1 spmrl/proper F1 EM  Fl-fun
Hall and Nivre [2008] dep2const -/- 79.93 - -
Fernandez-Gonzélez and Martins [2015]  dep2const 80.62 / - 85.53 - -
Corro et al. [2017] dep2const -/ 81.63 - - -
Maier [2015] SR-swap -/- 79.52 4432 -
Maier and Lichte [2016] SR-swap -/76.46 | 80.02 45.11 -
Coavoux and Crabbé [2017] SR-gap 81.50 / 81.60 85.11 - -
Stanojevi¢ and Garrido Alhama [2017]  SR-adj-swap -/ 81.64 | 84.06 - -
here LCFRS: head-outward/max-rule-product 75.00 / 75.08 79.29 4255 67.25
here  hybrid grammar: child/max-rule-product 72.91 / 72.98 77.68 41.28 66.72
1 van Cranenburgh et al. [2016] DOP -/- 782 40.0 681
t here  LCFRS: head-outward/max-rule-product -/- 76.91 39.22 64.91
t here hybrid grammar: child/max-rule-product -/- 75.66 38.40 64.66

Based on Gebhardt [2018].

104/113



X Y reduct mle X-LA mle

CEG sentence sentence N CFG EM EM
cont. phrase structure tree/
proj. dependency tree read-off rfe EM
LCFRS sentence sentence N LCFRS EM EM
phrase structure tree/
dependency tree read-off rfe EM
sentence sentence N LCFRS EM EM
LCF_RS/SDCP tree tree N sDCP EM EM
hybrid grammar
hybrid tree hybrid tree N hybrid grammar EM EM
derivation tree identity rfe EM
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