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Part 1: Introduction
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Natural Languages are Different
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Natural Languages are Different

I"love"you)

��� 

Je"t,aime  

Ich"liebe"dich  

Eu"te"amo  

Te"quiero  

Я люблю тебя  

���
��	���������

당신을�사랑합니다��

  ()*+ ,-.+ *) *(/ 0(

Jag"älskar"dig  

Ti"amo  
Miluji"tě  

Ik"hou"van"je  

Tôi"yêu"bạn  

אני אוהב אותך  

ผมรักคุณ  

by Google Translate
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Machine Translation

�� � �
 �� � �	 

bushi& yu& shalong&juxing& le& huitan&

Bush& held& a& talk& with& Sharon&
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Learning to Translate

adapted from Kevin Knight’s slides

Garcia y asociados .

los clients y los asociados son enemigos .

sus asociados no son fuertes .

Garcia y sus asociados no son enemigos .
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Learning to Translate

adapted from Kevin Knight’s slides

Garcia y asociados .

los clients y los asociados son enemigos .

sus asociados no son fuertes .

Garcia and associates .

the clients and the associates are enemies .

his associates are not strong .

Garcia y sus asociados no son enemigos .

Garcia and his associates are not enemies .

Spanish English

Garcia Garcia

y and

asociados associates

. .

los the

clients clients

son are

enemigos enemies

sus his

no not

fuertes strong

7



MT Approaches

Q: How machines learn translation knowledge?
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Data-driven MT

data-driven MT
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Data-driven MT

data-driven MT

Example-based MT
(Nagao, 1984)
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Data-driven MT

data-driven MT

Example-based MT
(Nagao, 1984)

Statistical MT
(Brown et al., 1993)

9



Statistical MT

Statistical(machine(translation(is(a(machine(translation(paradigm(
where(translations(are(generated(on(the(basis(of(statistical(
models(whose(parameters(are(derived(from(the(analysis(of(
bilingual(text(corpora.(
(
(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((::(Wikipedia�
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Statistical MT

Statistical(machine(translation(is(a(machine(translation(paradigm(
where(translations(are(generated(on(the(basis(of(statistical(
models(whose(parameters(are(derived(from(the(analysis(of(
bilingual(text(corpora.(
(
(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((::(Wikipedia�

Modeling�
Tell*machine*how*to*translate�
Learning�
Machine*learns*translation*knowledge*from*data�
Decoding�
Machine*translates*text*using*learned*knowledge�
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• An explosion of data across numerous languages

• 60,000 news websites per day

• 2 million blog posts per day

• 175 million Tweets per day

• 293,000 new Facebook status updates per minute

• 2 billion Internet users speaking 6000 languages

Big Data
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Data for SMT
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Data for SMT
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from Adam Lopez’s slides



Data for SMT
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Data for SMT
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Data for SMT
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Data for SMT
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The SMT Pyramid

source target
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The SMT Pyramid

source targetword
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The SMT Pyramid

source targetword

phrase
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The SMT Pyramid

source targetword

phrase

syntax
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Part 2: Word-based MT
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The Origin of SMT

When I look at an article in 
Russian, I say: “This is really 
written in English, but it has 
been coded in some strange 
symbols. I will now proceed to 
decode.”

Warren Weaver Weaver (1955)
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IBM and Machine Translation

Some of us started to wonder in 
the mid of 1980s whether our 
ASR methods could be applied to 
new fields. Bob Mercer and I ... 
came up with two: machine 
translation and stock market 
modeling.

Jelinek (2009)
Fred Jelinek
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The Noisy-Channel Model

P (E|F ) =
P (E)⇥ P (F |E)

P (F )

ˆE = argmaxE

n

P (E|F )

o

= argmaxE

n

P (E)⇥ P (F |E)

o
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Language Model

P (“Bush held a talk with Sharon”)
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Language Model

P (“Bush held a talk with Sharon”)

= P (“Bush”)⇥
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Translation Model

Bush held a talk with Sharon

23

(Brown et al., 1993)
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IBM Models 1 & 2
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IBM Models 1 & 2

length 
model
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model

translation 
model
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IBM Models 3-5

fertility 
model

translation 
model

distortion 
model
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Learning from Data
Q: how to learn model parameters from data?
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Maximum Likelihood Estimation

29
(Brown et al., 1993)



Maximum Likelihood Estimation

input: (f (1), e(1)) . . . (f (S), e(S))
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Maximum Likelihood Estimation
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ˆ✓ = argmax✓

(
SY
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P✓(f
(s)|e(s))

)
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Maximum Likelihood Estimation

✓output:

input: (f (1), e(1)) . . . (f (S), e(S))

ˆ✓ = argmax✓

(
SY

s=1

P✓(f
(s)|e(s))

)

The EM algorithm is often used for 
estimating parameters from unlabeled data

alignment is unobserved
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Learning from Unlabeled Data
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Learning from Unlabeled Data

labels
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Learning from Unlabeled Data

labels parameters
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Example

与 沙⻰龙
with Sharon

与

with

f e tc t

与
with N/A 0.5

与
Sharon N/A 0.5

沙⻰龙
with N/A 0.5

沙⻰龙
Sharon N/A 0.5

31
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|f (s)|X
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�(f (s)j , f)�(e(s)aj
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Example

与 沙⻰龙
with Sharon

与
with

f e tc t

与
with 1.75 0.75

与
Sharon 0.25 0.25

沙⻰龙
with 0.25 0.5

沙⻰龙
Sharon 0.75 0.5

与 沙⻰龙
with Sharon

0.375

0.125

0.75

0.75

0.25

1.0
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Example

与 沙⻰龙
with Sharon

与
with

f e tc t

与
with 1.75 0.875

与
Sharon 0.25 0.125

沙⻰龙
with 0.25 0.25

沙⻰龙
Sharon 0.75 0.75

与 沙⻰龙
with Sharon

0.375

0.125

0.75
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0.25

1.0

P (f ,a|e) P (a|f , e)
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• Initialization is important as EM is prone to get 
stuck in local optima

• Solution: use the output of simpler models as 
the input of training more complex models

Problems with EM
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• Initialization is important as EM is prone to get 
stuck in local optima

• Solution: use the output of simpler models as 
the input of training more complex models

Problems with EM

model 1 model 2 model 3 model 4 model 5

5 5 3 3 3 

42
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• Kevin Knight led a team to develop open-source toolkits 
for IBM Models in the 1999 JHU Workshop 

• Franz Och wrote GIZA++, the trainer of IBM models

JHU Workshop

Kevin Knight Franz Och
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Problems with Word-based MT

hard to include context
44



Part 3: Phrase-based MT
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Phrase-based Model

Bush held a talk with Sharon
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Phrase-based Model

Bush held a talk with Sharon

布什 与 沙⻰龙 举⾏行 了 会谈

segmentation reordering translation
46

(Koehn et al., 2003; Och and Ney, 2004)



Phrase Extraction

布什 与 沙⻰龙 举⾏行 了 会谈

Bush held a talk with Sharon

47
(Koehn et al., 2003; Och and Ney, 2004)



Phrase Extraction

布什 与 沙⻰龙 举⾏行 了 会谈

Bush held a talk with Sharon

47
(Koehn et al., 2003; Och and Ney, 2004)



Phrase Extraction

布什 与 沙⻰龙 举⾏行 了 会谈

Bush held a talk with Sharon

47
(Koehn et al., 2003; Och and Ney, 2004)



Phrase Extraction

布什 与 沙⻰龙 举⾏行 了 会谈

Bush held a talk with Sharon

47
(Koehn et al., 2003; Och and Ney, 2004)



Phrase Extraction
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Phrase Extraction
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47
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all words in the source phrase are 
aligned to all words in the target phrase
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Phrase Extraction
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Phrase Extraction

布什 与 沙⻰龙 举⾏行 了 会谈

Bush held a talk with Sharon

(布什, Bush)

(与, with)
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Phrase Extraction
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(与, with)
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Phrase Extraction
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Phrase Translation Probabilities

f e count P(e|f) P(f|e)
布什 Bush 1 1.0 1.0

与 with 1 1.0 1.0

与 沙⻰龙 with Sharon 1 1.0 1.0

沙⻰龙 Sharon 1 1.0 1.0

举⾏行 了 held 1 1.0 1.0

举⾏行 了 会谈 held a talk 1 1.0 1.0

会谈 talk 1 0.5 1.0

会谈 a talk 1 0.5 1.0
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• estimating phrase translation probabilities using 
relative frequencies suffers from sparse data

• lexical weighting considers word alignment with 
phrase pairs

Lexical Weighting

举⾏行 了 会谈

held a talk

60(Koehn et al., 2003)
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• estimating phrase translation probabilities using 
relative frequencies suffers from sparse data

• lexical weighting considers word alignment with 
phrase pairs

Lexical Weighting

举⾏行 了 会谈

held a talk

(w(“held”|“举⾏行”)+w(“held”|“了”)) / 2 *
w(“a”|NULL) *
w(“talk”|“会谈”)

60(Koehn et al., 2003)



Reordering is Hard

Bush�

US�

President�

meeting�
a�

held�

White�

House�

at�

with�

Sharon�

the�

Israeli�

Prime�
Minister�

yesterday�
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President�
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held�

White�

House�
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with�

Sharon�
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Israeli�

Prime�
Minister�

yesterday�
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Q: can you figure out a sentence using these words?



Distance-based Reordering Model

布什 与 沙⻰龙 举⾏行 了 会谈

Bush held a talk with Sharon

62
(Koehn et al., 2003; Och and Ney, 2004)



Distance-based Reordering Model

布什 与 沙⻰龙 举⾏行 了 会谈

Bush held a talk with Sharon

d=0

62
(Koehn et al., 2003; Och and Ney, 2004)



Distance-based Reordering Model

布什 与 沙⻰龙 举⾏行 了 会谈

Bush held a talk with Sharon

d=0

62
(Koehn et al., 2003; Och and Ney, 2004)



Distance-based Reordering Model

布什 与 沙⻰龙 举⾏行 了 会谈

Bush held a talk with Sharon

d=0

+2

62
(Koehn et al., 2003; Och and Ney, 2004)



Distance-based Reordering Model

布什 与 沙⻰龙 举⾏行 了 会谈

Bush held a talk with Sharon

d=0 d=2

+2

62
(Koehn et al., 2003; Och and Ney, 2004)



Distance-based Reordering Model

布什 与 沙⻰龙 举⾏行 了 会谈

Bush held a talk with Sharon

d=0 d=2

+2

62
(Koehn et al., 2003; Och and Ney, 2004)



Distance-based Reordering Model

布什 与 沙⻰龙 举⾏行 了 会谈

Bush held a talk with Sharon
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+2
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Distance-based Reordering Model

布什 与 沙⻰龙 举⾏行 了 会谈

Bush held a talk with Sharon

d=0 d=2 d=5

+2
-5
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Lexicalized Reordering Model

布什 与 沙⻰龙 举⾏行 了 会谈

Bush held a talk with Sharon
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Lexicalized Reordering Model

布什 与 沙⻰龙 举⾏行 了 会谈

Bush held a talk with Sharon

monotone
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Lexicalized Reordering Model

布什 与 沙⻰龙 举⾏行 了 会谈

Bush held a talk with Sharon

monotone discontinuous swap

63
(Koehn et al., 2007)



Lexicalized Reordering Model

f e M S D
布什 Bush 0.4 0.3 0.3

与 with 0.6 0.1 0.3

与 沙⻰龙 with Sharon 0.3 0.5 0.2

沙⻰龙 Sharon 0.4 0.3 0.3

举⾏行 了 held 0.8 0.1 0.1

举⾏行 了 会谈 held a talk 0.4 0.4 0.2

会谈 talk 0.3 0.3 0.4

会谈 a talk 0.3 0.4 0.3

64
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Hierarchical Reordering Model
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• the advantages of discriminative models include

• accessible to arbitrary overlapping knowledge 
sources

• distinguish the contributions between different 
knowledge sources

• generative models are a special case of 
discriminative models 

Generative Vs. Discriminative
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• The following features are widely used in phrase-
based discriminative translation models:

• phrase translation probabilities

• phrase lexical weights

• phrase penalty

• reordering models

• language models

• word penalty

Features

76
(Och and Ney, 2002; Och, 2003)
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• a hypothesis (partial translation) consists of the following 
information

• phrase pair ID

• pointer to the previous hypothesis

• coverage

• last n-1 target words

• the end of the last translated source phrase

• feature value vector

• current score

• the estimate of future score

• overall score

• recombined hypotheses

Hypothesis

(Koehn et al., 2007)
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• Two hypotheses can be recombined iff the 
following items are identical

• coverage (translation model, phrase/word penalty)

• last n-1 target words (language model)

• the end of the last translated source phrase 
(reordering model)

Hypothesis Recombination

85
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• Hypothesis recombination is risk-free pruning

• Two aggressive pruning methods are widely used 
to maintain a reasonable stack size:

• retain at most a hypotheses in a stack

• discard hypotheses b times worse than the 
best hypothesis in a stack 

Pruning

86
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• The way people say things has regularities
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Prof. Wang gave a talk
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how two natural language sentences are 
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Syntax-based MT

SCFGs without linguistic syntax

STSGs with linguistic syntax

inverted transduction grammar

hierarchical phrase-based model

string-to-tree
tree-to-string
tree-to-tree
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Calculating N-best List
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a b

What’s the N-best list of ai + bj ’s ?
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Cube Pruning with Rule Group
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Cube Pruning within Node

VP1,6&

PP1,3& VPB3,6& NPB2,3& NPB5,6& NPB2,3& VPB3,6&

174(Chiang 2007; Huang and Chiang, 2007)



Syntax-based MT

SCFGs without linguistic syntax

STSGs with linguistic syntax

inverted transduction grammar

hierarchical phrase-based model

string-to-tree
tree-to-string
tree-to-tree
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Tree-to-Tree Translation
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Tree-to-Tree Translation
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Rule Coverage
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Rule Coverage
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Summary of Syntax-based Models

source target model examples

N/A N/A string-to-string Chiang (2005)
Wu (1997)

N/A syntax string-to-tree Galley et al. (2006)
Shen et al. (2008)

syntax N/A tree-to-string Liu et al. (2006)
Huang et al. (2006)

syntax syntax tree-to-tree Eisner (2003)
Zhang et al. (2008)
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Part 5: Future Directions
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The SMT Pyramid

source targetword

phrase

syntax
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The SMT Pyramid

source targetword

phrase

syntax

semantics
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Semantics-based Translation

• word sense disambiguation 

• WSD does not help (Carpuat and Wu, 2005)

• WSD does help (Carpuat and Wu, 2007; Chan et al., 
2007)

• semantic role labeling 

• semantic role features (Liu and Gildea, 2010)

• predicate-argument structure (Xiong et al., 2012)

• grammars 

• hyperedge replacement grammars (Jones et al., 2012)
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• deep neural network for word alignment      
(Yang et al., 2013)

• additive neural networks for translation                              
(Liu et al., 2013)

• recurive autoencoders for ITG-based translation 
(Li et al., 2013)

• recurrent continuous translation models 
(Kalchbrenner and Blunsom, 2013) 

Deep Learning for MT
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Neural Networks for MT
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Neural Network

adapted from PRML by Bishop 187



• a word is represented as a real-valued vector

Word Embedding
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Word Embedding
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Word Embedding
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Word Embedding
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(Mikolov et al., 2013)Q: vectors for variable-sized phrases?  



Recursive Autoencoders

195
(Socher et al., 2011)



Reordering as Classification

196
(Xiong et al., 2006)

与 沙⻰龙
with Sharon

举⾏行 了 会谈
held a talk



Reordering as Classification

196
(Xiong et al., 2006)

与 沙⻰龙
with Sharon

举⾏行 了 会谈
held a talk

与 沙⻰龙 举⾏行 了 会谈
with Sharon held a talk



Reordering as Classification

196
(Xiong et al., 2006)

与 沙⻰龙
with Sharon

举⾏行 了 会谈
held a talk

与 沙⻰龙 举⾏行 了 会谈
with Sharon held a talk

straight



Reordering as Classification

196
(Xiong et al., 2006)

与 沙⻰龙
with Sharon

举⾏行 了 会谈
held a talk

与 沙⻰龙 举⾏行 了 会谈
with Sharon held a talk

与 沙⻰龙 举⾏行 了 会谈
held a talk with Sharon

straight



Reordering as Classification

196
(Xiong et al., 2006)

与 沙⻰龙
with Sharon

举⾏行 了 会谈
held a talk

与 沙⻰龙 举⾏行 了 会谈
with Sharon held a talk

与 沙⻰龙 举⾏行 了 会谈
held a talk with Sharon

straight inverted



Neural Classifier for ITG

straight inverted

197
(Li et al., 2013)



Neural ITG-based Translation

198
(Li et al., 2013)



Neural ITG-based Translation
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• GIZA++ 

• train IBM Models 1-5

• developed by Franz Och

• http://code.google.com/p/giza-pp/

Open Source Toolkits

201

Franz Och
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• Berkeley Aligner 

• train joint HMM model

• developed by Percy Liang

• http://code.google.com/p/berkeleyaligner/

Open Source Toolkits

202
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• SRI Language Modeling Toolkit 

• train n-gram language models

• developed by Andreas Stolcke 

• http://www.speech.sri.com/projects/srilm/

Open Source Toolkits

203
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• Moses 

• phrase-based and tree-based systems

• the main contributor: Philipp Koehn 

• http://www.statmt.org/moses/

Open Source Toolkits

204
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• Joshua 

• SCFG-based SMT system

• the main contributor: Zhifei Li 

• http://joshua.sourceforge.net/Joshua/

Open Source Toolkits

205
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• Phrasal 

• Phrase-based system

• the main contributor: Michel Galley 

• http://nlp.stanford.edu/software/phrasal/

Open Source Toolkits

206

http://nlp.stanford.edu/software/phrasal/
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• Linguistic Data Consortium 

• Major source of monolingual and bilingual 
corpora for SMT research

• http://www.ldc.upenn.edu/

Data Resources

207
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• Chinese Linguistic Data Consortium 

• Many useful monolingual and bilingual corpora for 
SMT research

• http://www.chineseldc.org/

Data Resources

208
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• Europarl 

• It is free! 10 European language pairs

• http://www.statmt.org/europarl/

Data Resources

209
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• NIST 

• the most influential

• Tasks: Arabic-English, Chinese-English

• http://www.itl.nist.gov/iad/mig/tests/mt/

Evaluation
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• IWSLT 

• spoken language translation

• Tasks: European languages and English

• http://iwslt2011.org/

Evaluation
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• WMT 

• workshop on machine translation

• Tasks: European languages and English

• http://www.statmt.org/wmt11/

Evaluation
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• CWMT 

• the most influential MT evaluation in China

• Tasks: English and languages in China

• http://nlp.ict.ac.cn/new/CWMT/index.php

Evaluation
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• Journals 

• Computational Linguistics

• Machine Translation

• ACM TALIP

• Conferences 

• ACL

• EMNLP

• NAACL

• COLING

Journals and Conferences
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• ACL Anthology 

• ~20,000 (free) papers in the NLP field

• http://aclweb.org/anthology-new/

• ACL Anthology Network 

• Paper network, author network, ranking

• http://clair.si.umich.edu/clair/anthology/index.cgi

• ACL Wiki 

• Many useful information for NLP researchers 

• http://aclweb.org/aclwiki

Other Useful Resources
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• Statistical Machine Translation (Adam Lopez, 2010)

• What’s New in Statistical Machine Translation 
(Kevin Knight, 2006)

• Statistical Machine Translation: the Basic, the 
Novel, and the Speculative (Philipp Koehn, 2006)

• Statistical Machine Translation: Foundations and 
Recent Advances (Franz Och, 2005)

Other Tutorials
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Book
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• Statistical machine translation learns translation 
knowledge from data

• Big data makes more training instances available 
to SMT

• SMT evolves from word-based to phrase-based 
and syntax-based models

• We look forward to more intelligent MT systems

Conclusions
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