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Dependency structures Incremental dependency parsing

Dependency structures:

Examples

A projective English dependency tree from the Penn Treebank (converted to

dependency parse with Nivre’s Penn2Malt).

[ROOT]0 Economic1 news2 had3 little4 effect5 on6 financial7 markets8 .9

NMOD SBJ
ROOT

NMOD
OBJ

NMOD NMOD
PMOD

P

A non-projective Czech dependency tree from the Prague Dependency

Treebank.

[ROOT]0 Z1 nich2 je3 jen4 jedna5 na6 kvalitu7 .8
Out-of them is only one-fem-sg to quality .

Pred

AuxK

Atr
Sb

AuxP
AuxZ

AuxP

Adv

(“Only one of them concerns quality.”)

Formally

define dependency graph G = (V,A)

V = {1, . . . , n} set of nodes
A = V × L× V set of labeled directed arcs

define notion of well-formedness

by properties Root, Single-Head, and Acyclicity

define property projectivity

there exists a path from the head of an arc to any node inside the span of the arc
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Dependency structures Incremental dependency parsing

Common formalization incremental dependency parsing algorithms:

transition system S = (C, T, cs, Ct)

C a set of configurations, each containing a buffer β of (remaining) nodes and a set A of

dependency arcs,

T a set of transitions t : C → C ,

cstart an initialization function, mapping a sentence x = (w0, w1, . . . , wn) to a configuration

with β = [1, . . . , n],
Cterminal ⊆ C a set of terminal configurations.

transition sequence (derivation): a series of transitions through configurations,

starting in a start configuration,

incrementality

buffer always decreasing in size, and derivation is over when empty

once an arc is added to A, it is never removed

correctness of an algorithm (soundness and completeness) for a class of

dependency graphs

an oracle

for a transition system S, an oracle is a function o : C → T specifying which transition to

take for any given configuration

Parse(x = (w0, . . . , wn))

1: c← cs(x)
2: while c /∈ Ct do

3: c← [o(c)](c)
4: end while

5: return Gc

Stack-based Algorithms (for projective structures)
arc-standard

arc-eager

List-based Algorithms
non-projective

projective
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Arc-standard stack-based algorithm Arc-eager stack-based algorithm

Stack-based Algorithms

Definition

A stack-based configuration for a sentence x = (w0, w1, . . . , wn) is a triple

c = (σ, β, A), where

1. σ is a stack of tokens i ≤ k (for some k ≤ n)← will represent as a list with head to right

2. β is a buffer of tokens j > k, ← will represent as a list with head to left

3. A is a set of dependency arcs such that G = ({0, 1, . . . , n}, A) is a dependency

graph for x.

Definition

A stack-based transition system is a quadruple S = (C, T, cstart, Cterminal), where

1. C is the set of all stack-based configurations,

2. cstart(x = (w0, w1, . . . , wn)) = ([0], [1, . . . , n],∅),

3. T is a set of transitions, each of which is a function t : C → C ,

4. Cterminal = {c ∈ C | c = (σ, [], A)}.
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Arc-standard stack-based algorithm

Figure: Transitions for the arc-standard stack-based parsing algorithm.

“ ”

The arc-standard parser is the closest correspondent to the familiar shift-reduce

parser for context-free grammars (Aho, Sethi, and Ullman 1986).

The Left-Arcl and Right-Arcsl transitions correspond to reduce actions, replacing a

head-dependent structure with its head, whereas the Shift transition is exactly the

same as the shift action.

One peculiarity of the transitions, as defined here, is that the “reduce” transitions

apply to one node on the stack and one node in the buffer, rather than two nodes

on the stack. The reason for this formulation is to facilitate comparison with the

arc-eager parser and to simplify the definition of terminal configurations.
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Illustration Arc-standard transition sequence for English example sentence:

[ROOT]0 Economic1 news2 had3 little4 effect5 on6 financial7 markets8 .9

NMOD SBJ NMOD NMOD
PMOD

NMOD
OBJ

P
ROOT

σ β A

1. ( [0], [1, . . . , 9], ∅ )

2. Shift =⇒ ( [0, 1], [2, . . . , 9], ∅ )
3. Left-ArcNMOD =⇒ ( [0], [2, . . . , 9], A1 = {(2, NMOD, 1)} )
4. Shift =⇒ ( [0, 2], [3, . . . , 9], A1 )
5. Left-ArcSBJ =⇒ ( [0], [3, . . . , 9], A2 = A1 ∪ {(3, SBJ, 2)} )
6. Shift =⇒ ( [0, 3], [4, . . . , 9], A2 )
7. Shift =⇒ ( [0, 3, 4], [5, . . . , 9], A2 )
8. Left-ArcNMOD =⇒ ( [0, 3], [5, . . . , 9], A3 = A2 ∪ {(5, NMOD, 4)} )
9. Shift =⇒ ( [0, 3, 5], [6, . . . , 9], A3 )

10. Shift =⇒ ( [0, 3, 5, 6], [7, 8, 9], A3 )
11. Shift =⇒ ( [0, 3, 5, 6, 7], [8, 9], A3 )
12. Left-ArcNMOD =⇒ ( [0, 3, 5, 6], [8, 9], A4 = A3 ∪ {(8, NMOD, 7)} )
13. Right-ArcsPMOD =⇒ ( [0, 3, 5], [6, 9], A5 = A4 ∪ {(6, PMOD, 8)} )
14. Right-ArcsNMOD =⇒ ( [0, 3], [5, 9], A6 = A5 ∪ {(5, NMOD, 6)} )
15. Right-ArcsOBJ =⇒ ( [0], [3, 9], A7 = A6 ∪ {(3, OBJ, 5)} )
16. Shift =⇒ ( [0, 3], [9], A7 )
17. Right-ArcsP =⇒ ( [0], [3], A8 = A7 ∪ {(3, P, 9)} )
18. Right-ArcsROOT =⇒ ( [], [0], A9 = A8 ∪ {(0, ROOT, 3)} )
19. Shift =⇒ ( [0], [], A9 )
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Arc-eager stack-based algorithm

Figure: Transitions for the arc-eager stack-based parsing algorithm.

“ ”

The arc-eager parser differs from the arc-standard one by attaching right

dependents (using Right-Arcel transitions) as soon as possible, that is, before the

right dependent has found all its right dependents.

As a consequence, the Right-Arcel transitions cannot replace the head-dependent

structure with the head, as in the arc-standard system, but must store both the

head and the dependent on the stack for further processing. The dependent can be

popped from the stack at a later time through the Reduce transition, which

completes the reduction of this structure.
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6. Right-ArceROOT =⇒ ( [0, 3], [4, . . . , 9], A3 = A2 ∪ {(0, ROOT, 3)} )
7. Shift =⇒ ( [0, 3, 4], [5, . . . , 9], A3 )
8. Left-ArcNMOD =⇒ ( [0, 3], [5, . . . , 9], A4 = A3 ∪ {(5, NMOD, 4)} )
9. Right-ArceOBJ =⇒ ( [0, 3, 5], [6, . . . , 9], A5 = A4 ∪ {(3, OBJ, 5)} )

10. Right-ArceNMOD =⇒ ( [0, 3, 5, 6], [7, 8, 9], A6 = A5 ∪ {(5, NMOD, 6)} )
11. Shift =⇒ ( [0, 3, 5, 6, 7], [8, 9], A6 )
12. Left-ArcNMOD =⇒ ( [0, 3, 5, 6], [8, 9], A7 = A6 ∪ {(8, NMOD, 7)} )
13. Right-ArcePMOD =⇒ ( [0, 3, 5, 6, 8], [9], A8 = A7 ∪ {(6, PMOD, 8)} )
14. Reduce =⇒ ( [0, 3, 5, 6], [9], A8 )
15. Reduce =⇒ ( [0, 3, 5], [9], A8 )
16. Reduce =⇒ ( [0, 3], [9], A8 )
17. Right-ArceP =⇒ ( [0, 3, 9], [], A9 = A8 ∪ {(3, P, 9)} )
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List-based Algorithms

Definition

A list-based configuration for a sentence x = (w0, w1, . . . , wn) is a quadruple

c = (λ1, λ2, β, A), where
1. λ1 is a list of tokens i1 ≤ k1 (for some k1 ≤ n)

will represent as a list with head to right (nodes in decreasing order)

2. λ2 is a list of tokens i2 ≤ k2 (for some k2, such that k1 < k2 ≤ n)
will represent as a list with head to left (nodes in increasing order)

3. β is a buffer of tokens j > k2,
will represent as a list with head to left

4. A is a set of dependency arcs such that G = ({0, 1, . . . , n}, A) is a dependency

graph for x.

Write λ1.λ2 for the concatenation of lists λ1 and λ2. Ex.,

[0, 1].[2, 3, 4] = [0, 1, 2, 3, 4].

Definition

A list-based transition system is a quadruple S = (C, T, cstart, Cterminal), where

1. C is the set of all list-based configurations,

2. cstart(x = (w0, w1, . . . , wn)) = ([0], [], [1, . . . , n],∅),

3. T is a set of transitions, each of which is a function t : C → C ,

4. Cterminal = {c ∈ C | c = (λ1, λ2, [], A)}.
(Note, only difference from stack-based system is: two lists instead of a single stack)
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Non-projective list-based algorithm

Figure: Transitions for the arc-eager stack-based parsing algorithm.

“ ”

The fact that both the head and the dependent are kept in either λ2 or β makes it

possible to construct non-projective dependency graphs, because the No-Arcn

transition allows a node to be passed from λ1 to λ2 even if it does not (yet) have a

head.
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Illustration Transition sequence for non-projective Czech example sentence:

[ROOT]0 Z1 nich2 je3 jen4 jedna5 na6 kvalitu7 .8

Atr
Pred

AuxZ
Sb

AuxP
AuxP

Adv

AuxK

λ1 λ2 β A

1. ( [0], [], [1, . . . , 8], ∅ )

2. Shiftλ =⇒ ( [0, 1], [], [2, . . . , 8], ∅ )
3. Right-ArcnAtr =⇒ ( [0], [1], [2, . . . , 8], A1 = (1, Atr, 2) )

4. Shiftλ =⇒ ( [0, 1, 2], [], [3, . . . , 8], A1 )
5. No-Arcn =⇒ ( [0, 1], [2], [3, . . . , 8], A1 )
6. No-Arcn =⇒ ( [0], [1, 2], [3, . . . , 8], A1 )
7. Right-ArcnPred =⇒ ( [], [0, 1, 2], [3, . . . , 8], A2 = A1 ∪ (0, Pred, 3) )

8. Shiftλ =⇒ ( [0, . . . , 3], [], [4, . . . , 8], A2 )

9. Shiftλ =⇒ ( [0, . . . , 4], [], [5, . . . , 8], A2 )
10. Left-ArcnAuxZ =⇒ ( [0, . . . , 3], [4], [5, . . . , 8], A3 = A2 ∪ (5, AuxZ, 4) )
11. Right-ArcnSb =⇒ ( [0, 1, 2], [3, 4], [5, . . . , 8], A4 = A3 ∪ (3, Sb, 5) )
12. No-Arcn =⇒ ( [0, 1], [2, 3, 4], [5, . . . , 8], A4 )
13. Left-ArcnAuxP =⇒ ( [0], [1, . . . , 4], [5, . . . , 8], A5 = A4 ∪ (5, AuxP, 1) )

14. Shiftλ =⇒ ( [0, . . . , 5], [], [6, 7, 8], A5 )
15. No-Arcn =⇒ ( [0, . . . , 4], [5], [6, 7, 8], A5 )
16. No-Arcn =⇒ ( [0, . . . , 3], [4, 5], [6, 7, 8], A5 )
17. Right-ArcnAuxP =⇒ ( [0, 1, 2], [3, 4, 5], [6, 7, 8], A6 = A5 ∪ (3, AuxP, 6) )

18. Shiftλ =⇒ ( [0, . . . , 6], [], [7, 8], A6 )
19. Right-ArcnAdv =⇒ ( [0, . . . , 5], [6], [7, 8], A7 = A6 ∪ (6, Adv, 7) )

20. Shiftλ =⇒ ( [0, . . . , 7], [], [8], A7 )
21. No-Arcn =⇒ ( [0, . . . , 6], [7], [8], A7 )
22. No-Arcn =⇒ ( [0, . . . , 5], [6, 7], [8], A7 )
23. No-Arcn =⇒ ( [0, . . . , 4], [5, 6, 7], [8], A7 )
24. No-Arcn =⇒ ( [0, . . . , 3], [4, . . . , 7], [8], A7 )
25. No-Arcn =⇒ ( [0, 1, 2], [3, . . . , 7], [8], A7 )
26. No-Arcn =⇒ ( [0, 1], [2, . . . , 7], [8], A7 )
27. No-Arcn =⇒ ( [0], [1, . . . , 7], [8], A7 )
28. Right-ArcnAuxK =⇒ ( [], [0, . . . , 7], [8], A8 = A7 ∪ (0, AuxK, 8) )

29. Shiftλ =⇒ ( [0, . . . , 8], [], [], A8 )
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15. No-Arcn =⇒ ( [0, . . . , 4], [5], [6, 7, 8], A5 )
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Projective list-based algorithm

Figure: Transitions for the arc-eager stack-based parsing algorithm.

“ ”

The projective, list-based parser uses the same basic strategy as its non-projective

counterpart, but skips any pair (i, j) that could give rise to a non-projective

dependency arc.

Skipping many node pairs makes it more efficient in practice, although the

worst-case time complexity remains the same.

13 / 16



1 Preliminaries 2 Stack-based Algorithms 3 List-based Algorithms 4 Experimental Evaluation 5 Ref.

Non-projective list-based algorithm Projective list-based algorithm

Illustration Transition sequence for projective English example sentence (nearly

identical to the arc-eager stack-based sequence):

[ROOT]0 Economic1 news2 had3 little4 effect5 on6 financial7 markets8 .9

NMOD SBJ
ROOT

NMOD
OBJ

NMOD NMOD
PMOD

P

λ1 λ2 β A

1. ( [0], [], [1, . . . , 9], ∅ )

2. Shiftλ =⇒ ( [0, 1], [], [2, . . . , 9], ∅ )
3. Left-Arc

p
NMOD =⇒ ( [0], [], [2, . . . , 9], A1 = {(2, NMOD, 1)} )
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Evaluation of the four algorithms in deterministic data-driven parsing:

Use an oracle approximated by a classifier trained on treebank data to analyze of

the accuracy and efficiency of these systems.

Data: CoNLL-X shared task multilingual dependency parsing

Figure: Data sets
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Figure: Parsing efficiency
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