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機械翻訳について勉強したい。

I want to study about machine translation.

どないしましょう?



機械翻訳について勉強したい。

machine translation

I want to

.

study
about

3

近似

Pr(したい|- [ERX�XS)

Pr(勉強|WXYH])
Pr(について|EFSYX)

Pr(機械翻訳|QEGLMRI�XVERWPEXMSR)
Pr(。|�)



問題分割
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機械翻訳について勉強したい。

したい 機械翻訳 。について勉強

I want to study about machine translation.



探索
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機械翻訳について勉強したい。

I want to

about learn

study

he wants
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Pr(- [ERX�XS�EFSYX�PIEVR)
�Pr(したい,について,勉強)
�Pr(したい|- [ERX�XS)
�Pr(について|PIEVR)
�Pr(勉強|PIEVR)
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Hypergraph

• グラフの一般化:

• h(e): 超辺 (hyperedge) eのheadノード、T(e): 超辺eのtailノード、
arity = |T(e)|

• 超辺 =インスタンス化されたルール

• and-or グラフとしても表記可能

0,6

0,1

0,1

1,6

1,2 2,6

e = � 1,6� �� �
h(e)

, { 1,2, 2,6}� �� �
T (e)

�

1,6

�

1,2 2,6

(Klein and Manning, 2001)
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Deductive System

• 構文解析アルゴリズムは、演繹法(deduction system)で記述可
能

•  公理(axiom)から始め、goalへたどり着くまで推論規則を適用

• 前件(antecedent)が証明されたら、その後件(consequent)が証
明される

• 推論規則の導出 = 超辺

.
.

..VP1,6

.
.

.
.

.
..VBD1,2 .

..NP2,6

(Shieber et al., 1995)
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antecedents︷ ︸︸ ︷
VBD1,2 NP2,6

VP1,6︸ ︷︷ ︸
consequent

VP[i,j] → VBD[i,k] NP[k,j]



Packed Forest

• ノードを共有することにより、複数の導出を
コンパクトに表現

• 一つの導出 = 木

(Klein and Manning, 2001; Huang and Chiang, 2005)

VBD1,2
NP2,4 PP4,6

NP2,6

VP1,6

VBD1,2 NP2,4 PP4,6

VP1,6

1,6

1,2 2,6

2,4 4,6

1,6

1,2 2,6

2,4 4,6
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Summary of Formalisms
hypergraph AND/OR 

graph
CFG deductive 

system
vertex OR-node symbol item

source-vertex leaf OR-node terminal axiom

target-vertex root OR-node start symbol goal item

hyperedge AND-node production instantiated 
deduction

⟨v, {u1, u2}⟩ v → u1 u2
u1 u2

v
v

�

u1 u2
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Weight and Semiring

• WFSTのように、各超辺にweightを関連付ける

• ⊗ : extension (multiplicative), ⊕ : summary (additive)
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VP
w1� VBD NP

NP
w2� NP PP

.

.

..NP2,6 : w2 � a � b

.
.

.
.

.
..NP2,4 : a

.
..PP4,6 : b

NP2,4 : a PP4,6 : b

NP2,6 : w2 ⊗ a⊗ b
: w2

.

.

..VP1,6 : w1 � c � d

.
.

.
.

.
..VBD1,2 : c

.
..NP2,6 : d

VBD1,2 : c NP2,6 : d

VP1,6 : w1 ⊗ c⊗ d
: w1



• 超辺の各weightは、その前件のノードに依存(non-

monotonic)

• 一つの導出のweight = 超辺の各weightの積

• あるノードのweightは、それを含む導出のweightの和

v

u1 u2
u3 u4

e1 e2

d(v) = (w(e1, u1, u2)⇥ d(u1)⇥ d(u2))

� (w(e2, u3, u4)⇥ d(u3)⇥ d(u4))

Weight and Semiring
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Semirings

13

semiring K ⊕ ⊗ 0 1
Viterbi [0,1] max × 0 1

Real R + x 0 1

Log R logsumexp + +∞ 0

Tropical R min + +∞ 0

Expectation <P,R>
<p1⊕p2, 
r1⊕r2>

<p1⊗p2, 
p1⊗r2⊕p2⊗r1>

<0,0> <1,0>

K = �K, �, �,0,1�



同期文脈自由文法
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を4

ドア

が2
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3

4

XLI�HSSV

5

STIRIH

2

XLI�HSK

• 文脈自由文法の二言語への拡張
14

(Chiang, 2007)



同期文脈自由文法

15

� � 1 が 2 , 1 2 �
� � 1 を 2 , 2 1 �
� � 1 2 , 2 1 �
� � 1 2 , 2 1 �
� � 1 の 2 , 2 1 �
� � 1 の 2 , 2 SJ 1 �

� �開けた, STIRIH�|�座った, WEX�
� �上に, SR�
� �犬, XLI�HSK�|�ドア, XLI�HSSV�

|�本, XLI�FSSO�|�上に, XLI�YTTIV�

• 原言語、目的言語側で同じ非終端記号を共有

• 非終端記号による並び替えの表現



昨日
1

犬 2 が 3 ドア
4

を 5 開け
た 6

8LI1

HSK2
STIRIH3

XLI4

HSSV5
]IWXIVHE]6
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同期ルールの抽出

� � 1 が 2 を 開けた, 1 STIRIH 2 �
� � 1 を 2 , 2 1 �



昨日
1

犬 2 が 3 ドア
4

を 5 開け
た 6

8LI1

HSK2
STIRIH3

XLI4

HSSV5
]IWXIVHE]6

統語的な知識の導入

S
VP

NP

NP

VBD

NP

VBD+NPS/NP

� � 1 が 2 を 開けた, 1 STIRIH 2 �
� � 1 を 2 , 2 1 �

(Zollmann et al., 2006)



モデル
ê = arg max

e

�
d exp

�
w�h(f , d, e)

�
�

e�,d� exp
�
w�h(f , d�, e�)

�

� arg max
�e,d�

w�h(f , d, e)

h�
gen(f , d, e) =

�

��,���d

log pgen(�|�)

h�
gen(f , d, e) =

�

��,���d

log pgen(�|�)

h�
lex(f , d, e) =

�

��,���d

log plex(�|�)

h�
lex(f , d, e) =

�

��,���d

log plex(�|�)

生成モデル

語彙翻訳モデル
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フレーズの翻訳モデル
とほぼ同じ素性



デコード

• 同期ルールの原言語側で構文解析

• 目的言語側で森を生成: 翻訳森
19
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デコード

• 同期ルールの原言語側で構文解析

• 目的言語側で森を生成: 翻訳森
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言語モデル?

• 「境界」で再計算: prefixとsuffixを保持

• 計算量: O(n3V2(m-1)): ★は?

22

p (WEX) p (SR)p (XLI|SR)p (FSSO|XLI)

p (SR|WEX) � p (SR)

5,6 : u, WEX 2,5 : v, SR�XLI�FSSO

2,6 : u � v � w, WEX SR�XLI�FSSO
★

★

w = �( � � 1 2 , 2 , 1 �)



再計算

2,6

2,55,6

sat
was sitting

sit
is sitting

on ★ book
above ★ book
on ★ books

-0.7
-1.5
-2.3
-3.1

-0.4
-1.4
-2.4

sat on ★ book
sat above ★ book
was sitting above ★ book

-2.1
-2.5
-3.8

各ノードで網羅的な計算: O(b2) 



キューブ枝刈り

-1.4 -2.4 -3.4

-2.2 -3.2 -4.2

-3.0 -4.0 -5.0

-3.8 -4.8 -5.8

-0.7

-1.5

-2.3

-3.1

-0.4 -1.4 -2.4

sat

was sitting

sit

is sitting

on ★ book above ★ book on ★ books
2,6

2,55,6-0.3

-0.7 -0.1 -0.7

-1.8 -0.6 -1.8

-0.9 -0.3 -0.9

-1.8 -0.6 -1.8
(Huang and Chiang, 2007)



キューブ枝刈り

-2.1-0.7

-1.5

-2.3

-3.1

-0.4 -1.4 -2.4

sat

was sitting

sit

is sitting

on ★ book above ★ book on ★ books
queue:
k-best:

(0,0)

(Huang and Chiang, 2007)



キューブ枝刈り

-2.1-0.7

-1.5

-2.3

-3.1

-0.4 -1.4 -2.4

sat

was sitting

sit

is sitting

on ★ book above ★ book on ★ books
queue:
k-best: (0,0)

(Huang and Chiang, 2007)



キューブ枝刈り

-2.1 -2.5

-4.0

-0.7

-1.5

-2.3

-3.1

-0.4 -1.4 -2.4

sat

was sitting

sit

is sitting

on ★ book above ★ book on ★ books
queue:
k-best: (0,0)

(0,1)(1,0)

(Huang and Chiang, 2007)



キューブ枝刈り

-2.1 -2.5

-4.0

-0.7

-1.5

-2.3

-3.1

-0.4 -1.4 -2.4

sat

was sitting

sit

is sitting

on ★ book above ★ book on ★ books
queue:
k-best: (0,0)(0,1)

(1,0)

(Huang and Chiang, 2007)



キューブ枝刈り

-2.1 -2.5 -4.1

-4.0 -3.8

-0.7

-1.5

-2.3

-3.1

-0.4 -1.4 -2.4

sat

was sitting

sit

is sitting

on ★ book above ★ book on ★ books
queue:
k-best: (0,0)(0,1)

(1,1)(1,0)(0,2)

(Huang and Chiang, 2007)



キューブ枝刈り

-2.1 -2.5 -4.1

-4.0 -3.8

-0.7

-1.5

-2.3

-3.1

-0.4 -1.4 -2.4

sat

was sitting

sit

is sitting

on ★ book above ★ book on ★ books
queue:
k-best: (0,0)(0,1)(1,1)

(1,0)(0,2)

(Huang and Chiang, 2007)



キューブ枝刈り

-2.1 -2.5 -4.1

-4.0 -3.8 -6.0

-4.3

-0.7

-1.5

-2.3

-3.1

-0.4 -1.4 -2.4

sat

was sitting

sit

is sitting

on ★ book above ★ book on ★ books
queue:
k-best: (0,0)(0,1)(1,1)

(1,0)(0,2)(2,1)(1,2)

-3.9

探索エラー
(Huang and Chiang, 2007)



デコード
機械翻訳に
ついて勉強
したい。

I want to study 
about machine 
translation.

構文解析

変換

再計算

k-best

構文森

翻訳森

翻訳森’
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同期文法の特徴

• 同期文脈自由文法には、標準形が存在しない

• 文脈自由文法: Chomsky、Greibach

X � �A1 B 2 C 3 , C 3 B 2 A 1 �

X � �A1 B 2 C 3 D 4 , C 3 A 1 D 4 B 2 �

二分化可能

これは?

X � �X’ 1 C 2 , C 2 X’ 1 �
X’ � �A 1 B 2 , B 2 A 1 �



Inside-Out

• 他にも: Greibach標準形も不可能、合成
できない

4321

2413

1 2 3 4

3

1

4

2

(Wu, 1997)



二言語同期解析
• 単言語の構文解析→二言語の構文解析

• 例: 最もらしい導出を決定

1

3

5

開けた

を4

ドア

が2

犬

1

3

4

XLI�HSSV

5

STIRIH

2

XLI�HSK

1

を 開けた3

ドア

が2

犬

1

3

XLI�HSSV

STIRIH2

XLI�HSK



開けた/STIRIH

を/�

ドア/HSSV�/XLI

が/�

犬/HSK�/XLI

簡単な同期文法

• 反転トランスダクション文法(ITG) (Wu, 1997)

目的言語側で反転

単語のペア

普通の同期ルール
NP � [NP P] VP � �NP V�

�犬/HSK



二言語解析

• CYKの二言語への拡張: スパンの対応を計算

• ITGでは、O(N3 M3) : 各長さnとm、各位置iとj、
各ルールX ➔ YZ、各分岐点kとl

37

(Wu, 1997)



span枝刈り

• 予めスパンのペアを枝刈りすることで高速化
• O(N4) 簡単なアルゴリズム(Zhang and Gildea, 2005)

• O(N3) DPアルゴリズム(Zhang et al., 2008)
38

smaller than the possible scriptO(n4), where n is
the average sentence length. Pruning the span pairs
(bitext cells) that can participate in a tree (either as
terminals or non-terminals) serves to not only speed
up ITG parsing, but also to provide a kind of ini-
tialization hint to the training procedures, encourag-
ing it to focus on promising regions of the alignment
space.
Given a bitext cell defined by the four boundary

indices (i, j, l, m) as shown in Figure 1a, we prune
based on a figure of merit V (i, j, l, m) approximat-
ing the utility of that cell in a full ITG parse. The
figure of merit considers the Model 1 scores of not
only the words inside a given cell, but also all the
words not included in the source and target spans, as
in Moore (2003) and Vogel (2005). Like Zhang and
Gildea (2005), it is used to prune bitext cells rather
than score phrases. The total score is the product of
the Model 1 probabilities for each column; “inside”
columns in the range [l, m] are scored according to
the sum (or maximum) of Model 1 probabilities for
[i, j], and “outside” columns use the sum (or maxi-
mum) of all probabilities not in the range [i, j].
Our pruning differs from Zhang and Gildea

(2005) in two major ways. First, we perform prun-
ing using both directions of the IBMModel 1 scores;
instead of a single figure of merit V , we have two:
VF and VB . Only those spans that pass the prun-
ing threshold in both directions are kept. Second,
we allow whole spans to be pruned. The figure of
merit for a span is VF (i, j) = maxl,m VF (i, j, l, m).
Only spans that are within some threshold of the un-
restricted Model 1 scores VF and VB are kept:

VF (i, j)

VF
≥ τs and

VB(l, m)

VB
≥ τs.

Amongst those spans retained by this first threshold,
we keep only those bitext cells satisfying both

VF (i, j, l, m)

VF (i, j)
≥ τb and

VB(i, j, l, m)

VB(l, m)
≥ τb.

4.1 Fast Tic-tac-toe Pruning
The tic-tac-toe pruning algorithm (Zhang and
Gildea, 2005) uses dynamic programming to com-
pute the product of inside and outside scores for
all cells in O(n4) time. However, even this can be
slow for large values of n. Therefore we describe an

Figure 1: (a) shows the original tic-tac-toe score for a
bitext cell (i, j, l,m). (b) demonstrates the finite state
representation using the machine in (c), assuming a fixed
source span (i, j).

improved algorithm with best case n3 performance.
Although the worst case performance is alsoO(n4),
in practice it is significantly faster.
To begin, let us restrict our attention to the for-

ward direction for a fixed source span (i, j). Prun-
ing bitext spans and cells requires VF (i, j), the score
of the best bitext cell within a given span, as well
as all cells within a given threshold of that best
score. For a fixed i and j, we need to search over
the starting and ending points l and m of the in-
side region. Note that there is an isomorphism be-
tween the set of spans and a simple finite state ma-
chine: any span (l, m) can be represented by a se-
quence of l OUTSIDE columns, followed bym−l+1
INSIDE columns, followed by n − m + 1 OUT-
SIDE columns. This simple machine has the re-
stricted form described in Figure 1c: it has three
states, L, M , and R; each transition generates ei-
ther an OUTSIDE column O or an INSIDE column
I . The cost of generating an OUTSIDE at posi-
tion a is O(a) = P (ta|NULL) +

∑
b ̸∈[i,j] P (ta|sb);

likewise the cost of generating an INSIDE column
is I(a) = P (ta|NULL) +

∑
b∈[i,j] P (ta|sb), with



ビーム探索
--●---,------

-●----,------

------,----●-

------,---●--

------,-●----

--●---,--●---

-●----,---●--

---●--,----●-

------,--●●--

●-----,--●---

--●---,--●●--

-●----,--●●--

---●●-,----●-

---●--,--●●--

--●●--,-●----

--●●--,--●●--

●●----,--●●--

---●●-,---●●-

---●●-,--●●--

--●●--,●●----

● =解析さ
れたspan

(Saers et al., 2009)

解析された単
語数で同期



二段解析
� � 1 を 2 , - 2 1 �
� � 1 を 2 , [I 2 1 �
� � 1 は 2 , 1 MW 2 �
� �黒い 1 , E�FPEGO 1 �
� � 1 猫, E 1 GEX�
� �犬, HSK�|�犬, HSKW�
� �猫, �|�猫, GEXW�
� �黒い, FPEGO�
� �見た, WE[�

5

3 4

1 猫 黒い 2

黒い 猫 猫

見た

5

- [I 4 3

WE[ E 1 GEX
E�FPEGO 2

FPEGO
GEX GEXW

5

3 を 4

1 猫 黒い 2

黒い 猫

見た

5

- 4 3

WE[ E 1 GEX
E�FPEGO 2

FPEGO
GEX

� � 1 を 2 , - 2 1 �
� � 1 を 2 , [I 2 1 �
� �黒い 1 , E�FPEGO 1 �
� � 1 猫, 1 GEX�
� �猫, GEX�|�猫, GEXW�
� �黒い, FPEGO�
� �見た, WE[�

黒い猫を見た ↔︎ I saw a black cat

原言語で構文解析、同期ルールを抽出、目的言語で構文解析
40 (Dyer, 2010)



まとめ
• 同期ルールによる明示的な並び替え

• 構文解析による翻訳 

• 二言語構文解析

• 注意: Mosesで実装されている木構造の
モデルは、同期文脈自由文法



機械翻訳システム

• Moses: http://www.statmt.org/moses/

• Joshua: http://joshua-decoder.org

• Cdec: http://www.cdec-decoder.org

• Cicada: http://www2.nict.go.jp/univ-com/
multi_trans/cicada/

http://www.statmt.org/moses/
http://www.statmt.org/moses/
http://joshua-decoder.org
http://joshua-decoder.org
http://www.cdec-decoder.org
http://www.cdec-decoder.org
http://www2.nict.go.jp/univ-com/multi_trans/cicada/
http://www2.nict.go.jp/univ-com/multi_trans/cicada/
http://www2.nict.go.jp/univ-com/multi_trans/cicada/
http://www2.nict.go.jp/univ-com/multi_trans/cicada/
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