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The U.S. island of Guam is maintaining a high
state of alert after the Guam airport and its offices
both received an e-mail from someone calling
himself the Saudi Arabian Osama bin Laden and

threatening a biological/chemical attack against
public places such as the airport.
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& Overview

What is this course about?
+ introduction of statistical machine translation (SMT)
+ training SMT models and using them for translation
+ identifying MWEs in parallel texts and using them in MT

Setup
+ Foundations of statistical MT
+ Translation as decoding
* Multi-word expressions and MT
» Lab-session on phrase-based SMT
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% MT and Other Language Technology
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“§&. Multi-Word Expressions and MT

What are multi-word expressions?
* non-compositionality
Machine translation models
* must generalise (using composition)

Everything depends on the context
* [l get a cup of coffee
« [ didn’t get the joke
» | getup at 8am
» | get nervous
* Yeah, | get around
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“§A. Machine Translation as Decoding

3 learn the

unknown code

When | look at an article in Russian, | say:

This is really written in English,

but it has been coded in some strange symbols.
I will now proceed to decode.

[Weaver, 1947, 1949]
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“§A. Expert-Driven Rule-Based Systems

meaning

What are the problems?

* Static categorical models
* But languages are dynamic,
ambiguous, distributional

transfer rules
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“A. Finding Patterns (Knight, 1997)

Your Assignment: Translate Klingon to Acturan

« farok crrok hihok yorok clok kantok ok-yurp

No expert around ...
No grammar at hand ...
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& Finding Patterns (Knight, 1997)

Your assignment, translate this to Arcturan: farok crrrok hihok yorok clok kantok ok-yurp

la. ok-voon ororok sprok . 7a. lalok farok ororok lalok sprok izok enemok .
) translated

1b. at-voon bichat dat . sentence 7b. wat jjat bichat wat dat vat eneat .

2a. ok-drubel ok-voon anok plok sprok . 8a. lalok brok anok plok nok . ]

:of example
2b. at-drubel at-voon pippat rrat dat . 8b. iat lat pippat rrat nnat . Jranslations
3a. erok sprok izok hihok ghirok . 9a. wiwok nok izok kantok ok-yurp .
3b. totat dat arrat vat hilat . 9b. totat nnat quat oloat at-yurp .
4a. ok-voon anok drok brok jok . 10a. lalok mok nok yorok ghirok clok .
4b. at-voon krat pippat sat lat . 10b. wat nnat gat mat bat hilat .

Sa. wiwok farok izok stok .« Klingon 11a. lalok nok crrrok hihok yorok zanzanok .

5b. totat jjat quat cat . «———— Arcturan | 11b. wat nnat arrat mat zanzanat .
6a. lalok sprok izok jok stok . 12a. lalok rarok nok izok hihok mok .
6b. wat dat krat quat cat . 12b. wat nnat forat arrat vat gat .

‘i Finding Patterns (Knight, 1997)
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Your assignment, translate this to Arcturan: farok crrrok hihok yorok clok kantok ok-yurp
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Your assignment, translate this to Arcturan: farok crrrok hihok yorok clok kantok ok-yurp Your assignment, translate this to Arcturan: farok crrrok hihok yorok clok kantok ok-yurp
la. ok-voon ororok sprok . 7Ta. 1«’1‘10k fz}rok ororok lalok sprok izok enemok . la. ok-voon ororok sprok . 7a. lalok farok ororok lalok sprok izok enemok .
1b. at-voon bichat dat . 7b. wat jjat bichat wat dat vat eneat . 1b. at-voon bichat dat . 7b. wat jjat bichat wat dat vat eneat .
2a. ok-drubel ok-voon anok plok sprok . 8a. lalok brok anok Pl(’l?()k . 2a. ok-drubel ok-voon anok plok sprok . 8a. lalok brok anok plok nok .
2b. at-drubel at-voon pippat rrat dat . 8b. iat lat pippat rrat nnat . 2b. at-drubel at-voon pippat rrat dat . 8b. iat lat pippat rrat nnat .
3a. erok sprok izok hihok ghirok . 9a. wiwok nok izok kantok ok-yurp . 3a. erok sprok izok hihok ghirok . 9a. wiwok nok izok kantok ok-yurp .
3b. totat dat arrat vat hilat . 9b. totat nnat quat oloat at-yurp . 3b. totat dat arrat vat hilat . 9b. totat nnat quat oloat at-yurp .
4a. ok-voon anok drok brok jok . 10a Jlalolgmolen oleyOIoIgIo clok . 4a. ok-voon anok drok brok jok . 10a. lalok mok nok yorok ghirok clok .
e process of
;_HJ' atjvoinfkra]t(}'npiat S?: lat. }?b rvrtsna:(gat m]z:tr?:t illat " . 4b. at-voon krat pippat sat lat . 10b. wat nriat gat mat bat hilat . elimination
a. wiwolk farok 1zok stok . a. 1A 0K nok Crrok NOK yOToK zanzanox . Sa. wiwok farok izok stok . 11a. lalok nok crrrok hihok yorok zanzanok .
Sb. totat jjat quat cat . 11b. wat nnat arrat mat zanzanat . ..
6a. lalok sprok izok jok stok 12a. lalok rarok nok izok hihok mok Sb. totat jjat quat cat . 11b. wat nnat arrat mat zanzanat .
’ ‘ P J ’ ' . ' 6a. lalok sprok izok jok stok . 12a. lalok rarok nok izok hihok mok .
6b. wat dat krat quat cat . 12b. wat nnat forat arrat vat gat . ‘
6b. wat dat krat quat cat . 12b. wat nnat forat arrat vat gat .

| ] u
‘% Finding Patterns (Knight, 1997) “n\ Finding Patterns (Knight, 1997)

| ] n

Your assignment, translate this to Arcturan: farok crrrok hihok yorok clok kantok ok-yurp Your assignment, put these words in order:  { jjat, arrat, mat, bat, oloat, at-yurp }
la. ok-voon ororok sprok . 7Ta. lal‘ok fz}rok ororok lalok sprok izok enemok . la. ok-voon ororok sprok . 7a. lalok farok ororok lalok sprok izok enemok .
1b. at-voon bichat dat . 7b. wat jjat bichat wat dat vat eneat . 1b. at-voon bichat dat . 7b. wat jjat bichat wat dat vat eneat .
2a. ok-drubel ok-voon anok plok sprok . 8a. lalok brok anok plok nok . 2a. ok-drubel ok-voon anok plok sprok . 8a. lalok brok anok plok nok .
2b. at-drubel at-voon pippat rrat dat . 8b. iat lat pippat rrat nnat . 2b. at-drubel at-voon pippat rrat dat . 8b. iat lat pippat rrat nnat .
3a. erok sprok izok hihok ghirok . 9a. wiwok nok izok kantok ok-yurp . 3a. erok sprok izok hihok ghirok . 9a. wiwok nok izok kantok ok-yurp .
ib' t(l)(tat dat arra]t( \;at tlll)at k K ?l(; t?t?t ]r(mat lc:_uatkoloat it»_\;:rpk. lok 3b. totat dat arrat vat hilat . 9b. totat nnat quat oloat at-yurp .

. -voon an T T . . m n T 1T . . .
3. OX-voon anok Arok brox Jo a a‘o Q¢ ok yorok ghrox glo 4a. ok-voon anok drok brok jok . 10a. lalok mok nok yorok ghirok clok .

4b. at-voon krat pippat sat lat . 10b. wat nnat gat mat bat hilat . " X | b bathil
Sa. wiwok farok izok stok . 11a. lalok nok crrrok hihok yorok zanzanok . 4b. atjvoon rat Plppat sat at. 10b. wat nnat gatmat ‘at lat.

‘ / Lot 5a. wiwok farok izok stok . 11a. lalok nok crrrok hihok yorok zanzanok .
5b. totat jjat quat cat . 11b. wat nnat arfat maf zanzanat . cognate? . / < Zer?,
6a. lalok sprok izok jok stok . 12a. lalok rarok nok izok hihok mok . Sb. totat jjat quat cat . Lb. wat nnat arfat maf zanzanat . __fertility

‘ |/ 7 6a. lalok sprok izok jok stok . 12a. lalok rarok nok izok hihok mok .
6b. wat dat krat quat cat . 12b. wat nnat forat arrat vat gat . ‘
6b. wat dat krat quat cat . 12b. wat nnat forat arrat vat gat .
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Your assignment, put these words in order: { jjat, arrat, mat, bat, oloat, at-yurp }

la. ok-voon ororok sprok . 7a. lalok farok ororok lalok sprok izok enemok .
1b. at-voon bichat dat . 7b. w‘atﬁ bicwat dat vat eneat .

2a. ok-drubel ok-voon anok plok sprok . 8a. lalok brok anok plok nok .

2b. at-drubel at-voon pippat rrat dat . 8b. iat lat pippat rrat nnat .

3a. erok sprok izok hihok ghirok . 9a. wiwok nok izok kantok ok-yurp .

3b. totat dat arrat vat hilat .
4a. ok-voon anok drok brok jok .

9b. totat nnat quat oloat at-yurp .
—
10a. lalok mok nok yorok ghirok clok .

10b. wat nnat gat mat bat hilat .
O —

11a. lalok nok crrrok hihok yorok zanzanok .
‘ L zero

5b. totat jjat qcat . 11b. wat nnat arrat maf zanzanat . fertility
— ——
6a. lalok sprok izok jok stok . 12a. lalok rarok nok izok hihok mok .

6b. wat dat krat quat cat . 12b. wat nnat forat arrat vat gat .

4b. at-voon krat pippat sat lat .
Sa. wiwok farok izok stok .

‘% Data-Driven Machine Translation

meaning

human translations

target language data

decoding

-

source language target language

translation
modeling

language
modeling
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Learning Algorithm

% Finding Patterns (Knight, 1997)

Clients do not sell pharmaceuticals in Europe => Clientes no venden medicinas en Europa

la. Garcia and associates . 7a. the clients and the associates are enemies .
1b. Garcia y asociados . 7b. los clients y los asociados son enemigos .
2a. Carlos Garcia has three associates . 8a. the company has three groups .

2b. Carlos Garcia tiene tres asociados . 8b. la empresa tiene tres grupos .

3a. his associates are not strong .
3b. sus asociados no son fuertes .

9a. its groups are in Europe .
9b. sus grupos estan en Europa .

4a. Garcia has a company also . 10a. the modern groups sell strong pharmaceuticals .
4b. Garcia tambien tiene una empresa . 10b. los grupos modernos venden medicinas fuertes .

Sa. its clients are angry . 11a. the groups do not sell zenzanine .
5b. sus clientes estan enfadados . 11b. los grupos no venden zanzanina .

6a. the associates are also angry . 12a. the small groups are not modern .

6b. los asociados tambien estan enfadados . 12b. los grupos pequenos no son modernos .
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“A. Statistical Machine Translation

KEXSEFRIS R A NEIGER—
BAMDHANAEENEER LS
FHRE , BB EANGE AR K
BENMRER  RGERFSERZ.

L

Probabilistic Model: | P(elf)

: g

The U.S. island of Guam is maintaining a high
state of alert after the Guam airport and its offices
both received an e-mail from someone calling
himself the Saudi Arabian Osama bin Laden and
threatening a biological/chemical attack against
public places such as the airport.

Search problem (decoding):
e* = argmax P(e|f)
e




“§A. Statistical Machine Translation

Use Bayes’ Rule to Decompose p(e|f) into
« Translation Model p(f |e)
» Target Language Model p(e)

p(fle)p(e)
p(f)

= argmax,p(f|e)p(e)

argmax.p(elf) = argmax,

What'’s in a translation model?
What'’s in a language model?

Language Models

“§A. Statistical Machine Translation

|natuer|ich |spass aml

Modeling Translation

» word-based models

|of coursel fun with the

+ phrase-based models
* hierarchical models x

A

/\ /|\ /\

Xa
X3

X1

N
Xz

das Tor geht schnell auf the door opens quickly

Learning Model Parameters
+ sentence and word alignment
* rule extraction and scoring
» parameter tuning

Decoding

‘* Probabilistic Language Models

Prefer one string over another (ensure fluency)
» “small step”: 5,880,000 hits on Google
» “little step”: 1,780,000 hits on Google

Language model
» estimate how likely a string is in a given language

pum(the house is small) > piy(small the is house)

pua (L am going home) > puu(I am going house)




% N-Gram Language Models

the
. . the house
Parameter estimation the house is
* p(‘the house is small’) = ...? house is small

is small .

Markov assumption: Limit context, e.g. trigrams only
* p(the) * p(house | the) * p(is | the, house) * p(small | house, is)

. T . . trigram frequency counts
Maximum likelihood estimation in large data sets
(ws| ) count(wi, wae, w3)
. plws|wy,w2) = frequency of anything
2 count(wr, w2, w) else following w1 and w2
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Translation Models
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‘% Word-Based Translation Models

Generative Model: Source language words are
generated by target language words

das Haus ist klitzeklein

/\

the house is very small

Translation: Find the most likely word
sequences that may have generated the foreign
string of words.
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‘* Context-Independent Models

Words translate without looking at any context

Count translation statistics in aligned training data:
* How often is Haus translated into ....

Translation of Haus | Count
house 8,000
building 1,600
home 200
household 150
shell 50
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% Context-Independent Models

Estimate Translation Probabilities:
* Maximum Likelihood Estimation (MLE)

count(f,e)
count(e)

t(fle) =

» for f = Haus:

0.8 if e = house,
0.16  if e = building,
t(fle) =4 0.02 if e = home,
0.015 if e = household,
0.005 if e = shell.

“§A. Distortion Models

Add a model for positional alignment:

1 2 3 4 5
nattirlich ist das haus klein

/x ‘ J ‘ x lexical translation step

of course is the house small
l l N x alignment step

of course the house is small
1 2 3 4 5 6

New parameters (different variants):
* d(pos(e) =5| pos(f) = 2, length(e) = 6, length(f) = 5)
* d(pos(e) =5| pos(e-1) = 2, length(e) = 6)
* d(pos(e) =8| pos(f) = 2, length(e) = 6, f = "“ist”, e = “is”)

% Context-Independent Models

What does this mean for p(f |e)?

1 2 3 4 5 1 2 3 4 5
nattirlich ist das haus klein nattrlich ist, das haus klein
of course the house is small the course small is of house
1 2 3 4 5 6 1 2 3 4 5 6

What does this mean for p(e|f) = p(f |e) p(e)?
* p(the house is small | das Haus ist klein )
e p(the is small house | das Haus ist klein )
* p(the house is small | das Haus ist klein )

“¥A. Fertility Models

Add a fertility parameter:
* What is the likelihood that “natiirlich” generates 2 words?
* What is the likelihood that some words are dropped?

2 3 4 5

,
ist das haus klein
l l l x lexical translation step

of course is the house small

alignment step
of course the house is small
1

2 3 4 5 6

new parameters:
* n( 2| ’natirlich”) = 0.9
* n( 1] "natirlich”) = ...




“§&. Training Word-Based Models

Need word aligned parallel training data
* large quantities of translated documents
» automatic sentence alignment

Parameter estimation
» word alignments as latent (hidden) variables
» expectation-maximisation algorithm

Language modeling
» probabilistic n-gram models trained on large monolingual data

‘i Generative Model of Word-Based SMT

‘Bakom"huset"hittaderolisen‘D

Phrase-Based Models

“n\ Generative Model of Word-Based SMT

‘BakomHhusetHhittade"polisen‘ méngd|narkotika)
o]

‘Bakom‘ ‘huset"husetHhittaderolisen ‘méngd"méngdHnarkotika‘

Fertility (and NULL insertion)




‘i Generative Model of Word-Based SMT

‘Behind‘ ‘house‘ ‘found‘ ‘police‘ ‘largquuantity‘ ‘narcotics‘

Fertility (and NULL insertion)
Word translation

‘% Generative Model of Phrase-Based SMT

% Generative Model of Word-Based SMT

‘Bakom"husctHhittade‘ ‘polison‘

méangd|narkotikal

‘Behind"houseroundeolice"largquuantity‘ ‘narcotics‘

‘Bakom"huset"huset"hittaderolisen‘ ‘méngdeéngdHnarkotik&‘

‘Behind‘ ‘house‘ ‘policeround‘ E ‘largquuantity‘ ‘narcotics‘ I

Fertility (and NULL insertion)
Word translation
Re-ordering (distortion)

Same example sentence:
» Bakom huset hittade polisen en stor mangd narkotika .

‘n\ Generative Model of Phrase-Based SMT

Bakom husetHhittade”polisenHen stor méingdHnarkotikaH.‘

Segmentation (into “phrases”)




‘i Generative Model of Phrase-Based SMT

‘Bakorn husetHhittaderolisenHen stor méingd”narkotika“.‘

‘Behind the house‘ ‘found‘ ‘police‘ ‘a large quantity of‘ ‘narcotics‘

Segmentation (into “phrases”)
Phrase translation

“§A. Alternative Segmentation

reordering agreement

definiteness  ,_—~y X\

’Bakom hu’hittade polisen”en stor méingd”narkotika ‘

’Behind th:; houserolice foundHa large quantity oanarcotics ‘

’Behind the houserolice foundHa large quantity oanarcotics ‘

e can handle non-compositional expressions
e lexical disambiguation based on local context

Additional challenge in PB-SMT: Any segmentation is possible!
 in practice: fixed maximum phrase length (typically 7 words)
« fixed distortion limit (typically 6)

& Generative Model of Phrase-Based SMT

‘Bakom husetHhittaderolisenHen stor méingdHnarkotikaH.‘

‘Behind the house‘ ‘found‘ ‘police‘ ‘a large quantity of‘ ‘narcotics‘

‘Behind the houseroliceroundHa large quantity oanarcoticsH.‘

Segmentation (into “phrases”)
Phrase translation
Phrase reordering (distortion)

“nk Training Phrase-Based Models

source language
sentence

W

moment

target language
— g guag

sentence

nyss
hade
Jag
precis
tappat
bort
glassen

ago

had word alignment

just /

lost

my

ice

cream




“§A. Phrase Extraction

Extract ALL phrase pairs that are consistent with underlying
word alignment

- 4
ne % g@ s
SERIRY
A i aalia just lost—precis tappat bort
moment
ago
had
ust
ost
my b
ice
cream

“A. Consistent Phrase Pairs

No word is aligned to any word outside of the phrase pair!

consistent 1inconsistent consistent

ok violated ok
one alignment unaligned
point outside word is fine

“§A. Phrase Extraction

a moment ago—nyss, [-jag, had—hade, just—precis
lost—tappat bort, ice cream—glassen

precis
tappat
bort
glassen

| Nyss
hade
Jjag

A
moment
ago

had
just
lost
my
ice
cream

“§A. Phrase Extraction

a moment ago—nyss, I-jag, had—hade, just—precis
lost—tappat bort, ice cream—glassen

lost my—-tappat bort, my ice cream-glassen

| Nyss
hade
jag
precis
tappat
bort
glassen

A
moment
ago

I

had

just

lost

my

ice
cream
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“§A. Phrase Extraction

| Nyss
hade
Jag
precis
tappat
bort
glassen

moment

ago

had

just

lost

my
ice
cream

a moment ago—nyss, I-jag, had—hade, just—precis
lost—tappat bort, ice cream—glassen

lost my—tappat bort, my ice cream—glassen

I had—hade jag, lost my ice cream—tappat bort glassen
just lost—precis tappat bort, just lost my—precis tappat bort

HELSINGIN YLIOPISTO
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“§A. Phrase Extraction

Nyss
hade
Jag
precis
tappat
bort
glassen

A
moment
ago

had

just
lost

my
ice
cream

a moment ago—nyss, [-jag, had-hade, just—precis
lost—tappat bort, ice cream—glassen

lost my—tappat bort, my ice cream—glassen

I had-hade jag, lost my ice cream-tappat bort glassen
just lost—precis tappat bort, just lost my—precis tappat bort

a moment ago I had—nyss hade jag, I had just-hade jag precis
just lost my ice cream—precis tappat bort glassen

a moment ago I had just-nyss hade jag precis
I had just lost my ice cream—hade jag precis tappat bort glassen
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“§A. Phrase Extraction

Nyss
hade
|jag
precis
tappat
bort

a moment ago-nyss, [-jag, had-hade, just—precis
lost—tappat bort, ice cream—glassen

lost my—tappat bort, my ice cream—glassen

glassen

I had-hade jag, lost my ice cream—tappat bort glassen

A

moment

just lost—precis tappat bort, just lost my—precis tappat bort

ago

i

a moment ago I had—nyss hade jag, I had just—hade jag precis

had

just lost my ice cream—precis tappat bort glassen

just
lost
my
ice
cream
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“§A. Phrase Extraction

Nyss
hade
jag
precis
tappat
bort
glassen

A

moment

ago

a moment ago-nyss, [-jag, had-hade, just—precis
lost-tappat bort, ice cream—glassen

lost my—tappat bort, my ice cream—glassen

I had-hade jag, lost my ice cream—tappat bort glassen
just lost—precis tappat bort, just lost my—precis tappat bort

a moment ago I had—nyss hade jag, I had just—hade jag precis

had

just lost my ice cream—precis tappat bort glassen

just
lost

my
ice
cream |

a moment ago I had just-nyss hade jag precis
I had just lost my ice cream-hade jag precis tappat bort glassen
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“§A. Phrase Extraction

a moment ago—nyss, [-jag, had—hade, just—precis
lost—tappat bort, ice cream—glassen

ey [=]
wgE O
n O by n < - P ice cres rlasse:
Z@},g %]§ %g E lost my—tappat bort, my ice cream-glassen
=552 % }ad-hade jag, lost my ice cream—tappat bort glassen
A just lost—precis tappat bort, just lost my—precis tappat bort
moment
ago
had
Just a moment ago I had just-nyss hade jag precis
lost | | I had just lost my ice cream—hade jag precis tappat bort glassen
my
ice
cream a moment ago I had just lost my ice cream

nyss hade jag precis tappat bort glassen
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“§A. Phrase Translation Tables

/ translated
. EU speeches
Translations of “begreppet” extracted from Europarl

English #(t]3) English o (t]3)

the 0.226415 the news 0.012816

told 0.169811 the report 0.008544
announcement 0.075472 the information 0.008544

message 0.056604 the back 0.004272

news 0.056604 the suspension 0.004272 :
information 0.037736  the death 0.004272 transtation
informed 0.037736 this announcement 0.002848 probability
learnt 0.037736 this news 0.002136

peace of mind by ensuring 0.027778 a message 0.001539

insight 0.018868 his answer 0.000356

the announcement 0.017088 were told 0.000229

the message 0.012816 the back and 2.917e-05

* lexical variation (announcement, message, news, told, ...)
» morphological variation (information, informed)
* including function words and lots of noise
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“§A. Phrase Translation Probabilities

Extract all phrase pairs
» up to a certain size (typically: max 7 words)
« from all sentence pairs in the training data
» sort them and count

Probability estimation by MLE:

phrase pair count

3 count (3, ;)
b o \ count of source phrase

aligned to any other
target language phrase
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“§A. Extension: Weighted Models

Components of Phrase-Based SMT
« phrase translation model
* reordering model
« language model

Log-Linear models with weighted feature functions:
» forget about generative models
» give components different weights feature function

g (component)

p(z) = exp Z Aihi(x)
i=1

feature-specific
weight

HELSINGIN YLIOPISTO




“§A. Extension: Weighted Models

Flexible framework
« add more feature functions if necessary
+ optimize contribution of each component (but how?)

Typical systems have additional feature functions:
» bidirectional phrase translations ¢(s|t) and @(t|s)
* lexical weighting of phrase pairs
» word count feature (avoid short translations)
» phrase count feature (prefer fine segmentation)
» lexicalised reordering
* (multiple language models)

“§A. Take Home Messages

Summing Up

Data-driven machine translation
* learn to translate from parallel training data
» unsupervised alignment and statistical scores
* n-gram language modeling

Statistical translation models
» context-independent word-based models
* local context with phrase-based models

. Next Steps

Translate with statistical models
+ translation as decoding
* left-to-right beam search decoder

Hierarchical models
* hierarchical phrase-based models
* linguistically-motivated syntax in SMT
+ translation by parsing with synchronous grammars

Multi-word expressions and SMT
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