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• �ï��{ü�Åì�ÈXÚ
1 �.ÆS - lV�²1êâ¥ÆSüc�È�£

2 )è - |^üc�È�£§é#�éf?1�È

1: ù ´ êâ↔ This is data
2: �% �↔ Look out !
3: \ ´ X↔ Who are you
...

VVV���²²²111êêêâââ

P(t|s)

���ÈÈÈ���...�.ÆS

¡Þ&O�
ÅÅÅììì���ÈÈÈÚÚÚ���
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???111���ÈÈÈ

• ÚÚÚ½½½1µ�ïüc�ÈL - �Èc;
éu?¿�
�óücx§�¼�§¤k�U�È©Y"�½
��pÈéé(s, t)§éuy ∈ Y§½ÂP(x↔ y; s, t)L
«xÚy3(x, y)¥pÈ�VÇ§·�^xÚy�éÜVÇL«µ

P(x↔ y; s, t) ≡ P(x, y; s, t)

=
c(x, y; s, t)∑

x′,y′ c(x
′, y′; s, t)

c(x, y; s, t)L«(x, y)3(s, t)¥�y�gê;∑
x′,y′ c(x

′, y′; s, t)L«(s, t)¥?¿
/È©üc�y�ogê
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P(x, y; s, t) =
c(x, y; s, t)∑

x′,y′ c(x
′, y′; s, t)

s = Åì �È Ò ´ ^ O�Å 5 ?1 �È
t = machine translation is just translation by computer

�È �È
translation translation

• c(’�È’, ’translation’; s, t) = ?

1 + 1 + 1 + 1 = 4
•
∑

x′,y′ c(x
′, y′; s, t) =¦§ê... = 63

= 9× 7 = |s| × |t|
I | · |L«éf�Ý

• ’�È’Ú’translation’�pÈVÇ�

P(’�È’, ’translation’; s, t) = 4/63

aq�
P(’Åì’, ’translation’; s, t) = 2/63

P(’Åì’, ’look’; s, t) = 0/63
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• éõ�ÿ§·�kõ�pÈéé(s[1], t[1]), ..., (s[n], t[n])§
¡��V�²1êâ(��)"�ÈVÇ�±�½Â�

P(x, y) =

∑n
i=1 c(x, y; s[i], t[i])∑n

i=1

∑
x′,y′ c(x

′, y′; s[i], t[i])

• `x
Ò´O�(x, y)�ªg�§3z�éfþ\\

s1 = Åì �È Ò ´ ^ O�Å ?1 �È
t1 = Machine translation is just translation by computer

s2 = @ <ó �È Q ?
t2 = so , what is human translation ?

P(’�È’, ’translation’)

=
c(’�È’, ’translation’; s[1], t[1]) + c(’�È’, ’translation’; s[2], t[2])∑

x′,y′ c(x
′, y′; s[1], t[1]) +

∑
x′,y′ c(x

′, y′; s[2], t[2])

=
4 + 1

|s[1]| × |t[1]|+ |s[2]| × |t[2]|
=

4 + 1

9× 7 + 5× 7
=

5

102
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x′,y′ c(x

′, y′; s[i], t[i])

• `x
Ò´O�(x, y)�ªg�§3z�éfþ\\

s1 = Åì �È Ò ´ ^ O�Å ?1 �È
t1 = Machine translation is just translation by computer

s2 = @ <ó �È Q ?
t2 = so , what is human translation ?
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′, y′; s[1], t[1]) +

∑
x′,y′ c(x

′, y′; s[2], t[2])

=
4 + 1

|s[1]| × |t[1]|+ |s[2]| × |t[2]|
=

4 + 1

9× 7 + 5× 7
=

5

102
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¢¢¢yyy������{{{üüü���ÅÅÅììì���ÈÈÈXXXÚÚÚµµµéééfff???���ÈÈÈ���...

1: ù ´ êâ↔ This is data
2: �% �↔ Look out !
3: \ ´ X↔ Who are you
...

VVV���²²²111êêêâââ

P(t|s)

���ÈÈÈ���...�.ÆS ¡Þ&O�
ÅÅÅììì���ÈÈÈÚÚÚ���

ééé???¿¿¿éééfff

???111���ÈÈÈ

• ÚÚÚ½½½2: é?¿�éé(s, t)O�éf?�ÈVÇP(t|s)

^�«'�{ü�g´µ½Â(s, t)þ��«©êg(s, t)
I g(s, t)�����È�þ�Ð
I g(s, t)�����È�þ��

u´§·�?�Ú½Â

P(t|s) =
g(s, t)∑
t′ g(s, t′)

¢SþÒ´ég(s, t)3¤k�U�È©8Üþ�8�z§
¦ÙäkVÇ¿Â
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• ü�¯K
1 XÛO�g(s, t)

- �'��ï�¯K§êþm©

2 XÛO�
∑

t′ g(s, t
′)

- ¢SþØ^O�§�¡2`

• ééég(s, t)ïïï���: �â�Ù1���b�§s�t�m�3�
«ücm�éA§·�¡��céà'X

·1 é2 \3 a�4 ÷¿5s =

I1 am2 satisfied3 with4 you5t =

z�J��L��éàó�§P�(j, i)§¿g´
�ó
�1j�ücéA8I�ó1i�üc§=sj�tiéA"

• ¤kéàó��¤8ÜA§éuþ~µ
A = {(1, 1), (2, 4), (3, 5), (4, 2), (5, 3)}
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• �½��éé(s, t)§9§��m�(�`)céàÂ§�±
½Â�.�©�µ

g(s, t) ≡
∏

(j,i)∈Â

P(sj, ti)

w,z�üc�ÈVÇÑp§@o�é��.�©�p

·1 é2 \3 a�4 ÷¿5s =

I1 am2 satisfied3 with4 you5t =

g(s, t) = P(’·’,’I’)× P(’é’,’with’)× P(’\’,’you’)×
P(’a�’,’am’)× P(’÷¿’,’satisfied’)

• ÙÙÙ§§§¯̄̄KKKµXJküc�È��No�º
I {ü�)û�Y´²w§��ù«�È��é��VÇ�
I ½ö3ï�¥�Ä§��¡�IBM�.
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P(sj, ti)

w,z�üc�ÈVÇÑp§@o�é��.�©�p

·1 é2 \3 a�4 ÷¿5s =

I1 am2 satisfied3 with4 you5t =

g(s, t) = P(’·’,’I’)× P(’é’,’with’)× P(’\’,’you’)×
P(’a�’,’am’)× P(’÷¿’,’satisfied’)

• ÙÙÙ§§§¯̄̄KKKµXJküc�È��No�º
I {ü�)û�Y´²w§��ù«�È��é��VÇ�
I ½ö3ï�¥�Ä§��¡�IBM�.



1nÙ Äuüc��È�. �Ð&Á½Å August 8, 2019 13/60

¢¢¢yyy������{{{üüü���ÅÅÅììì���ÈÈÈXXXÚÚÚµµµéééfff???���ÈÈÈ���...(4)

• ���´́́§ù��O�g(s, t)vk�ÄcS�&E"�ÓÈc
Ñy3ØÓ� �§�©�Ó - Ã{ÀJ6��È©∏

(j,i)∈Â
P(sj , ti)

×Plm(t)

·1 é2 \3 a�4 ÷¿5s =

I1 am2 satisfied3 with4 you5t′ =
0.0023

·1 é2 \3 a�4 ÷¿5s =

I1 with2 you3 am4 satisfied5t′′ =
0.0023

• )))ûûû���YYYµÚ\�ó�.Plm(t)5ÝþÈ©�6�Ý
P2-gram(w1...wm) =
P(w1)× P(w2|w1)× P(w3|w2)...× P(wm|wm−1)

• ���ªªª
g(s, t) =

∏
(j,i)∈Â

P(sj, ti)× Plm(t)
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...

VVV���²²²111êêêâââ

P(t|s)

���ÈÈÈ���...�.ÆS ¡Þ&O�
ÅÅÅììì���ÈÈÈÚÚÚ���

ééé???¿¿¿éééfff

???111���ÈÈÈ

• ÚÚÚ½½½3µµµ)))èèè - é?¿�s§é��ÈVÇ���È©t̂

t̂ = arg max
t

P(t|s)

ùparg maxa f(a)L«é�¦f(a)�����aÑÑ

• y3·��±é?¿�(s, t)O�P(t|s) = g(s,t)∑
t′ g(s,t

′)

I �½s§
∑

t′ g(s, t
′)´�~ê(Ï�

∑
t′ g(s, t

′)�Cþ�ks)
I ùùù���§§§···���������)))èèèÚÚÚ½½½���///ªªªzzz£££ããã���

t̂ = arg max
t

g(s, t)∑
t′ g(s, t′)

= arg max
t

g(s, t)
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• )))èèè���ØØØ%%%¯̄̄KKK´3¤k�U��È(J¥é�
¦g(s, t)�����È©
I eskm�c§z�ckn��È
ÿÀ - �knm«|Ü

I c��ÈÿÀ�±?¿NS

I séA�U�È©��knm ·m!

1 2 3 . m

n n n n n

n n n n n

..
.

n n n n n

m!

• d3�È(Jêþã�§Ã{¡¦§Ïd·�I�p
��|¢�{é�n��)

m n nm ·m!
1 1 1
1 10 10
2 10 200
10 10 36288000000000000
20 10 2.43290200817664 ×1038

20 30 8.48300477127188 ×1047
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·�ùp¦^�«�8�)è�{µzÓÀJ��
�ó
üc§|^§��ÈÿÀ*ÐÈ©§�3”�Ð”�(J§
�E?1��¤k
�óücÑ��È

Function WordDecoding(s)

1: π =GetTransOptions(s)

2: best = φ

3: for i in [1,m] do

4: h = φ

5: foreach j in [1,m] do

6: if used[j] = true then

7: h = h ∪ Join(best, π[j])

8: best = PruneForTop1(h)

9: used[best.j] = true

10: return best.translatoin

ÑÑ: é��ZÈ©

Ñ\: 
�éfs = s1...sm

¼�z�üc
��ÈÿÀ

1 2 3 . m

n n n n n

best^u���c�Ð��È(J

h^u��zÚ)¤�¤kÈ©ÿÀ

Join(a, b) �£
a Úb �¤k|Ü

a1
a2
× b1

b2
= a1b1 a1b2

a2b1 a2b2

PruneForTop1
�3�©�p�(J

0.234

0.197

0.083

← top1

P¹®²�ÈL
�
�üc

1 2 3 . m
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2: best = φ

3: for i in [1,m] do

4: h = φ

5: foreach j in [1,m] do

6: if used[j] = false then

7: h = h ∪ Join(best, π[j])

8: best = PruneForTop1(h)

9: used[best.j] = true

10: return best.translatoin
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���mmmEEE,,,ÝÝÝ: O(m · n)

ÑÑ: é��ZÈ©

Ñ\: 
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··· ééé \\\ LLL««« ÷÷÷¿¿¿

ÑÑÑ\\\: ������ÈÈÈéééfff(®®®²²²©©©ccc)
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φ
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Function WordDecoding(s)
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3: for i in [1,m] do

4: h = φ

5: foreach j in [1,m] do

6: if used[j] = false then

7: h = h ∪ Join(best, π[j])

8: best = PruneForTop1(h)

9: used[best.j] = true

10: return best.translatoin
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Function WordDecoding(s)

1: π =GetTransOptions(s)

2: best = φ

3: for i in [1,m] do

4: h = φ

5: foreach j in [1,m] do

6: if used[j] = false then

7: h = h ∪ Join(best, π[j])

8: best = PruneForTop1(h)

9: used[best.j] = true

10: return best.translatoin
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ÑÑÑ\\\: ������ÈÈÈéééfff(®®®²²²©©©ccc)
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φ
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best.j = −1best.j = 1best.j = 5
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i = 1, j = 1i = 1, j = 2i = 1, j = 5i = 2, j = 2i = 2, j = 5i = 3, j = 2i = 3, j = 3

i = 3, j = 4

i = 4, j = 2i = 4, j = 3i = 5, j = 3
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Function WordDecoding(s)

1: π =GetTransOptions(s)

2: best = φ

3: for i in [1,m] do

4: h = φ

5: foreach j in [1,m] do

6: if used[j] = false then

7: h = h ∪ Join(best, π[j])

8: best = PruneForTop1(h)

9: used[best.j] = true

10: return best.translatoin
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���mmmEEE,,,ÝÝÝ: O(m · n)

ÑÑ: é��ZÈ©

Ñ\: 
�éfs = s1...sm

··· ééé \\\ LLL««« ÷÷÷¿¿¿

ÑÑÑ\\\: ������ÈÈÈéééfff(®®®²²²©©©ccc)

π(1) π(2) π(3) π(4) π(5)

used

used used

used used
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me

am

...

to

with

for
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φ
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with you

best.j = −1best.j = 1best.j = 5

best.j = 4

best.j = 2best.j = 3

i = 1, j = 1i = 1, j = 2i = 1, j = 5i = 2, j = 2i = 2, j = 5i = 3, j = 2i = 3, j = 3

i = 3, j = 4

i = 4, j = 2i = 4, j = 3i = 5, j = 3
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Function WordDecoding(s)

1: π =GetTransOptions(s)

2: best = φ

3: for i in [1,m] do

4: h = φ

5: foreach j in [1,m] do

6: if used[j] = false then

7: h = h ∪ Join(best, π[j])

8: best = PruneForTop1(h)

9: used[best.j] = true

10: return best.translatoin

���mmmEEE,,,ÝÝÝ: O(m2 · n)

���mmmEEE,,,ÝÝÝ: O(m · n)

ÑÑ: é��ZÈ©

Ñ\: 
�éfs = s1...sm

··· ééé \\\ LLL««« ÷÷÷¿¿¿

ÑÑÑ\\\: ������ÈÈÈéééfff(®®®²²²©©©ccc)
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am
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i = 1, j = 1i = 1, j = 2i = 1, j = 5i = 2, j = 2i = 2, j = 5i = 3, j = 2i = 3, j = 3i = 3, j = 4

i = 4, j = 2

i = 4, j = 3i = 5, j = 3
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Function WordDecoding(s)

1: π =GetTransOptions(s)

2: best = φ

3: for i in [1,m] do

4: h = φ

5: foreach j in [1,m] do

6: if used[j] = false then

7: h = h ∪ Join(best, π[j])

8: best = PruneForTop1(h)

9: used[best.j] = true

10: return best.translatoin
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Function WordDecoding(s)

1: π =GetTransOptions(s)

2: best = φ

3: for i in [1,m] do

4: h = φ

5: foreach j in [1,m] do

6: if used[j] = false then

7: h = h ∪ Join(best, π[j])

8: best = PruneForTop1(h)

9: used[best.j] = true

10: return best.translatoin
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u1941c�Warren Weaver�g�§
�
ªm©u
I A Program for Aligning Sentences in Bilingual Corpora

William A. Gale; Kenneth W. Church. 1993.
I The Mathematics of Statistical Machine Translation:

Parameter Estimation
Peter E. Brown; Stephen A. Della Pietra; Vincent J. Della
Pietra; Robert L. Mercer. 1993.

• AO´IBM WastonïÄ¥%Brown�<�Äuc�ÚO
Åì�È�.§¤�Åì�È+��8²;¥�²;
Brown�<�ó�(IBM Waston) - on Wikipedia

The first ideas of statistical machine translation were introduced by Warren Weaver
in 1949, including the ideas of applying Claude Shannon’s information theory. S-
tatistical machine translation was re-introduced in 1991 by researchers at IBM’s
Thomas J. Watson Research Center and has contributed to the significant resur-
gence in interest in machine translation in recent years. Nowadays it is by far the
most widely-studied machine translation method
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¢¢¢~~~ - P(s, a|t)
s = 3 Sf þ t = t0 on the table a = {1-0,2-3,3-1}

s1:3 s2:Sf s3:þ

t1:on t2:the t3:tablet0

• • •s1:3 s2:Sf s3:þ

P(s, a|t) = P(m|t)
m∏
j=1

P(aj |aj−1
1 , sj−1

1 ,m, t)P(sj |aj1, s
j−1
1 ,m, t)

= P(m = 3 | ’t0 on the table’)×
P(a1 = 0 | φ, φ, 3, ’t0 on the table’)×
P(f1 =3 | {1-0}, φ, 3, ’t0 on the table’)×
P(a2 = 3 | {1-0}, ’3’, 3, ’t0 on the table’)×
P(f2 =Sf | {1-0,2-3}, ’3’, 3, ’t0 on the table’)×
P(a3 = 1 | {1-0,2-3}, ’3 Sf’, 3, ’t0 on the table’)×
P(f3 =þ | {1-0,2-3,3-1}, ’3 Sf’, 3, ’t0 on the table’)
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¯̄̄KKK555




• ­­­:::µ­#£��eù��. - ü�úª

P(s|t) =
∑
a

P(s, a|t)

P(s, a|t) = P(m|t)
m∏
j=1

P(aj|aj−1
1 , sj−1

1 ,m, t)P(sj|aj1, s
j−1
1 ,m, t)

• üüü���îîî­­­¯̄̄KKK
1 1��úªµXÛH{¤k�éàa
2 1��úªµXÛO
�P(m|t)!P(aj |aj−1

1 , sj−1
1 ,m, t)ÚP(sj |aj1, s

j−1
1 ,m, t)

• Brown�<(1993)�)û�{µé¯K?1z{
I IBM Models 1-2: z{úª2�ëê§°(p�¦)úª1
→��§SN

I IBM Models 3-5: {üz{úª2�ëê§Cq¦)úª1
→gÆSN
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IBM���...1���bbb���

• IBM���...1bbb���
1 
��ÝVÇ�~êε

P(m|t) ≡ ε

2 éàVÇP(aj |aj−1
1 , sj−1

1 ,m, t)=�6uÈ©�Ýl + 1(þ!
©Ù)

P(aj |aj−1
1 , sj−1

1 ,m, t) ≡ 1

l + 1

3 
�ücsj)¤VÇP(sj |aj1, s
j−1
1 ,m, t)=�6�Ùéà�È

©üctaj§=c®�ÈVÇf(sj |taj ) (
∑

sj
f(sj |taj ) = 1)

P(sj |aj1, s
j−1
1 ,m, t) ≡ f(sj |taj )

• ØØØ%%%ggg���´́́rE,ëêz{�{üëê
I 'XµP(aj |aj−1

1 , sj−1
1 ,m, t) ≡ 1

l−1rëê�

m(aj1, s
j−1
1 ,m, t)z{�l

I `:: �.��z{¶":µz{���.ØO(
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IBM���...1 - ���������...

• ���\\\bbb���

P(s, a|t) = P(m|t)
m∏
j=1

P(aj|aj−1
1 , sj−1

1 ,m, t) P(sj|aj1, s
j−1
1 ,m, t)

≡ ≡ ≡

ε 1
l+1

f(sj|taj)

= ε
m∏
j=1

1
l+1
f(sj|taj)

= ε
(l+1)m

m∏
j=1

f(sj|taj)

• òòòþþþªªª���\\\P(s|t) =
∑

aP(s, a|t)

P(s|t) =
∑
a

P(s, a|t)

=
∑
a

ε

(l + 1)m

m∏
j=1

f(sj|taj)
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IBM���...1 - ���������...(2)

• P(s|t) =
∑
a

ε
(l+1)m

m∏
j=1

f(sj|taj)¥I�éH{¤k�é

à§=
∑

a"ù�L§�±�­#L«�

1 2

P(s|t) =
l∑

a1=0

...
l∑

am=0

ε
(l+1)m

m∏
j=1

f(sj|taj)

l∑
a1=0

l∑
am=0

IBM���...1:

1 H{¤k��éàa"ad{a1,...,am}|¤§z
�aj ∈ {a1, ..., am}l1È©m© �(0)Ì���� �(l)

s1:3 s2:Sf s3:þ

t1:on t2:the t3:tablet0

2 éuz�a\\éàVÇP(s, a|t)
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IBM���...1 - ���������...(2)

• P(s|t) =
∑
a

ε
(l+1)m

m∏
j=1

f(sj|taj)¥I�éH{¤k�é

à§=
∑

a"ù�L§�±�­#L«�

1 2

P(s|t) =
l∑

a1=0

...
l∑

am=0

ε
(l+1)m

m∏
j=1

f(sj|taj)

l∑
a1=0

l∑
am=0

IBM���...1:

1 H{¤k��éàa"ad{a1,...,am}|¤§z
�aj ∈ {a1, ..., am}l1È©m© �(0)Ì���� �(l)

s1:3 s2:Sf s3:þ
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2 éuz�a\\éàVÇP(s, a|t)
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IBM���...2���bbb���

• IBM�.1�,/ª�~{ü§�´¯K´�Ñ
�È�
NS¯K"éuÓ��
�óéf§üc�È�Ó§�
´È©^SØÓ§�.�©£�ÈVÇ�Ó¤

s = 3 Sf þ

t = on the table

s = 3 Sf þ

t′ = table on the

P(s|t) P(s|t′)=IBM���...1:

P(s|t) P(s|t′)>nnn���:

• IBM���...2���bbb���µéà �aj�)¤VÇ��óüc 
�j§
�éf�ÝmÚÈ©�ÝÚlk'"P
�a(aj|j,m, l)§¡�aj�éàVÇ

P(aj|aj−1
1 , sj−1

1 ,m, t) ≡ a(aj|j,m, l)
Ù§b��IBM�.1�Ó§
=P(m|t) ≡ εÚP(sj|aj1, s

j−1
1 ,m, t) ≡ f(sj|taj)
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IBM���...2 - ���������...

• ���\\\bbb���

P(s, a|t) = P(m|t)
m∏
j=1

P(aj|aj−1
1 , sj−1

1 ,m, t) P(sj|aj1, s
j−1
1 ,m, t)

≡ ≡ ≡

ε a(aj|j,m, l) f(sj|taj)

= ε
m∏
j=1

a(aj|j,m, l)f(sj|taj)

• òòòþþþªªª���\\\P(s|t) =
∑

aP(s, a|t)

1 2

P(s|t) =
l∑

a1=0

...
l∑

am=0

ε
m∏
j=1

a(aj|j,m, l)f(sj|taj)

IBM���...2:

1 H{¤k��éàa
2 éuz�a\\éàVÇP(s, a|t)§=O
�ε

m∏
j=1

a(aj |j,m, l)f(sj |taj )
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j=1

a(aj |j,m, l)f(sj |taj )
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ÊÊÊîîî���eee§§§­­­###wwwwwwùùùüüü������...

IBM���...1 : P(s|t) =
ε

(l + 1)m

l∑
a1=0

...
l∑

am=0

m∏
j=1

f(sj|taj)

IBM���...2 : P(s|t) = ε
l∑

a1=0

...
l∑

am=0

m∏
j=1

a(aj|j,m, l)f(sj|taj)

• ëê
I ε�~þ

I f(sj |taj ): �½üctaj�È�sj�VÇ
I a(aj |j,m, l): �½ �jÚéé�ÝmÚl§éàaj�VÇ

s1:3 s2:Sf s3:þ

t1:on t2:the t3:tablet0

L«�½’table’�È�’Sf’�VÇ

f(s2|ta2 ) = f(Sf|table)

a(aj |j,m, l) = a(3|2, 3, 3)
L«éu �j = 2

éf�Ým = 3Úl = 3

éà�8I� �3(aj = 3)�VÇ
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ÊÊÊîîî���eee§§§­­­###wwwwwwùùùüüü������...(2)

IBM���...1 : P(s|t) =
ε

(l + 1)m

l∑
a1=0

...
l∑

am=0

m∏
j=1

f(sj|taj)

IBM���...2 : P(s|t) = ε
l∑

a1=0

...
l∑

am=0

m∏
j=1

a(aj|j,m, l)f(sj|taj)

• éu�È�.P(s|t)§25£��eÚOÅì�È�n�
Ä�¯K
1 ïïï���µXÛ£ãP(s|t)

← ®)��þ¡ü�úª

2 )))èèèµ�½�.ëêε!a(aj |j,m, l)Úf(sj |taj )§XÛ|^
þ¡�úªO�P(s|t)(�ó�.O�6Ø?Ø)§¿é��

ZÈ©t̂

← e¡?Ø

3 ÔÔÔööö¶XÛlêâ¥gÄÆS�.ë

êε!a(aj |j,m, l)Úf(sj |taj )

← e¡?Ø
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Outline

1. ������{{{üüü������ÈÈÈ¢¢¢~~~

2. IBM���...
• ïïï���
• )))èèè
• ���...ÔÔÔööö



1nÙ Äuüc��È�. �Ð&Á½Å August 8, 2019 38/60

)))èèè = |||¢¢¢ + ���...���©©©OOO���

• ÛÛÛ������...µÚO£ã + ëê

P(s|t) = ε
l∑

a1=0
...

l∑
am=0

m∏
j=1

a(aj |j,m, l)f(sj |taj )¯̄̄KKK���ÚÚÚOOO£££ããã:

ε =?; ∀aj , j,m, l : a(aj |j,m, l) =?, f(sj |taj ) =?���...���ëëëêêê:

• ÛÛÛ���)))èèèµ�.�©O� + é��.�©�p�È©

é?¿�sÚt§(p�/)O�P(s|t)(Ó�O�P(t))���...���©©©OOO���:

é¤k�U�t§é��.�©(P(s|t)P(t))�p
�È©ÑÑ

|||¢¢¢:

I |||¢¢¢()))èèè)¯̄̄KKKc¡�¢~®²£ã
�«){£�1
16�¤µg��mV\È©üc + }{Eâ"ùpØ2?
Ø§�±g1ÆS

I ���eee���¯̄̄KKK´́́µéu?¿�sÚt§XÛp�/O�P(s|t)
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���...���©©©���OOO���

• O((l + 1)m ·m) - IBM�.�©���O�A�Ø�U�

P(s|t) =
ε

(l + 1)m

l∑
a1=0

...
l∑

am=0︸ ︷︷ ︸
(l+1)mgÌ�

m∏
j=1

f(sj|taj)︸ ︷︷ ︸
mgÌ�

• O(l ·m) - ¢Sþ·��±���Ð
l∑

a1=0

...
l∑

am=0

m∏
j=1

f(sj|taj) =
m∏
j=1

l∑
i=0

f(sj|ti)

m∏
j=1

l∑
i=0

f(sj|ti)

m · lgggÌÌÌ���

P(s|t) = ε
(l+1)m

m∏
j=1

l∑
i=0

f(sj|ti)IBM�.1:
m∏
j=1

l∑
i=0

f(sj|ti)

P(s|t) = ε
m∏
j=1

l∑
i=0

a(i|j,m, l)f(sj|ti)aq�§IBM�.2:
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∑l
a1=0 ...

∑l
am=0

∏m
j=1 f(sj|taj) =

∏m
j=1

∑l
i=0 f(sj|ti)

• ½Âα(x, y)���¼ê§xÚy´ü�Cþ

α(1, 0)α(2, 0) + α(1, 0)α(2, 1) + α(1, 0)α(2, 2)+

α(1, 1)α(2, 0) + α(1, 1)α(2, 1) + α(1, 1)α(2, 2)+

α(1, 2)α(2, 0) + α(1, 2)α(2, 1) + α(1, 2)α(2, 2)

2∑
y1=0

2∑
y2=0

α(1, y1)α(2, y2)

=
2∑

y1=0

2∑
y2=0

2∏
x=1

α(x, yx)

(α(1, 0) + α(1, 1) + α(1, 2))·
(α(2, 0) + α(2, 1) + α(2, 2))

=
2∏

x=1

2∑
y=0

α(x, y)

=

l∑
a1=0

...
l∑

am=0

m∏
j=1

f(sj|taj) =
m∏
j=1

l∑
i=0

f(sj|ti)

α(x, yx) α(x, y)
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VVVÇÇÇP(s|t)"ùp^ÎÒPθ(s|t)L«VÇdëêθû½

θ̂ = arg max
θ

Pθ(s|t)

arg max Pθ(s|t)
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• P(s|t)�±�w�´(s, t)þ�q,¼ê(L(s, t; θ))"¤
¢4�q,�O§Ò´�é�¦L(s, t; θ)�����θµ

{θ̂} ⊆ {arg max
θ∈Θ

L(s, t; θ)}

L(s, t; θ)L«L(·)�6�.ëêθ£5¿©Ò¤§{θ̂}L«
�Ukõ|(J§ΘL«ëê�m

• kØ^�Äþ¡�úª"·��´£8��©¯KµX
Ûé��|θ¦Pθ(s|t)����º
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∂g(θ)
∂θ
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--- ∂g(θ)
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θ
•
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���������
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������zzzP(s|t)
• ±IBM�.1�~§§¤éA�(Äu4�q,�O¤
��.Ôö¯K�±�£ã�µ
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(

ε
(l+1)m
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��z¼ê 8I¼ê ëê

subject to=÷v...�å �ÈVÇ8�z�å^�

I 5¿µ{f(sx|ty)}éAéõëê§z�
�óücÚz�8
I�üc�|ÜÑéA��f(sx|ty)
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...���KKKFFF¦¦¦êêê{{{ - Lagrange multiplier

• ¹¹¹kkk���ååå���`̀̀zzz¯̄̄KKK: ØÐ)
888III: max(Pθ(s|t)) + ���ååå: ∀ty :

∑
sx

P(sx|ty) = 1

• )))ûûû���{{{: ¹k�å`z ⇒ Ø¹�å`z
...���KKKFFF¦¦¦êêê{{{ - zzzÝÝÝzzz���

.�KF¦ê{´�«ÏéCþÉ��½õ�^�¤���
õ�¼ê�4���{"ù«�{ò��kn�Cþ�k��
å^���`z¯K=����kn + k�Cþ��§|�4
�¯K§ÙCþØÉ?Û�å"ù«�{Ú\
�«#�I
þ��ê§=.�KF¦ê"

I éuz�ty¤éA��å§Ú\��.�KF¦êλty

L(f, λ) =
ε

(l + 1)m
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j=1

l∑
i=0
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j=1

f(sj |ti)−∑
ty

λty(
∑
sx

f(sx|ty)− 1)
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...���KKKFFF¦¦¦êêê{{{ - Lagrange multiplier (2)

���©©©¯̄̄KKK ===zzz������¯̄̄KKK
max(P(s|t)) max(L(f, λ))

s.t. ∀ty :
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f(sx|ty) = 1

L(f, λ) = ε
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j=1
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f(sj|ti) −∑
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sx f(sx|ty)−1)

L(f, λ) = ε
(l+1)m
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j=1

l∑
i=0

f(sj|ti) −∑
ty λty (

∑
sx f(sx|ty)−1)

#8I¼ê Î8I¼ê

ëêµc�ÈVÇ

ëêµ.�KF¦ê ëê�å^�

• ���eee���¯̄̄KKKµO� ∂L(f,λ)
∂f(su|tv)

§¿¦) ∂L(f,λ)
∂f(su|tv)

= 0



1nÙ Äuüc��È�. �Ð&Á½Å August 8, 2019 46/60

...���KKKFFF¦¦¦êêê{{{ - Lagrange multiplier (2)

���©©©¯̄̄KKK ===zzz������¯̄̄KKK
max(P(s|t)) max(L(f, λ))

s.t. ∀ty :
∑

sx
f(sx|ty) = 1

L(f, λ) = ε
(l+1)m

m∏
j=1

l∑
i=0

f(sj|ti) −∑
ty λty (

∑
sx f(sx|ty)−1)

L(f, λ) = ε
(l+1)m

m∏
j=1

l∑
i=0

f(sj|ti) −∑
ty λty (

∑
sx f(sx|ty)−1)

#8I¼ê Î8I¼ê ëêµc�ÈVÇ

ëêµ.�KF¦ê ëê�å^�

• ���eee���¯̄̄KKKµO� ∂L(f,λ)
∂f(su|tv)

§¿¦) ∂L(f,λ)
∂f(su|tv)

= 0



1nÙ Äuüc��È�. �Ð&Á½Å August 8, 2019 46/60

...���KKKFFF¦¦¦êêê{{{ - Lagrange multiplier (2)

���©©©¯̄̄KKK ===zzz������¯̄̄KKK
max(P(s|t)) max(L(f, λ))

s.t. ∀ty :
∑

sx
f(sx|ty) = 1

L(f, λ) = ε
(l+1)m

m∏
j=1

l∑
i=0

f(sj|ti) −∑
ty λty (

∑
sx f(sx|ty)−1)

L(f, λ) = ε
(l+1)m

m∏
j=1

l∑
i=0

f(sj|ti) −∑
ty λty (

∑
sx f(sx|ty)−1)

#8I¼ê Î8I¼ê ëêµc�ÈVÇ

ëêµ.�KF¦ê ëê�å^�

• ���eee���¯̄̄KKKµO� ∂L(f,λ)
∂f(su|tv)

§¿¦) ∂L(f,λ)
∂f(su|tv)

= 0



1nÙ Äuüc��È�. �Ð&Á½Å August 8, 2019 47/60

éééL¦¦¦���

• -suÚtvL«?¿��
�ücÚ��8I�üc

∂L(f, λ)
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∂
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¦
∂
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j=1

l∑
i=0

f(sj |ti)
]

∂f(su|tv)
§kw��{ü�~fµ

g(z) = αzβ���Cþz�õ�ª¼ê§w,

∂g(z)

∂z
= αβzβ−1 =

β

z
αzβ =

β

z
g(z)
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éééL¦¦¦���(2)

• ùp�±r
∏m
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∑l
i=0 f(sj|ti)w�g(z) = αzβ�¢~
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∑l
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=
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δ(x, y)µ�x = y��1§ÄK�0

• �â∂g(z)
∂z

= β
z
g(z)

∂g(z)

∂z
=

∂
[ m∏
j=1

l∑
i=0

f(sj|ti)
]

∂
[ l∑
i=0

f(su|ti)
] =

m∑
j=1

δ(sj, su)

l∑
i=0

f(su|ti)

m∏
j=1

l∑
i=0

f(sj|ti)



1nÙ Äuüc��È�. �Ð&Á½Å August 8, 2019 48/60

éééL¦¦¦���(2)

• ùp�±r
∏m

j=1

∑l
i=0 f(sj|ti)w�g(z) = αzβ�¢~

I -z =
∑l

i=0 f(su|ti)§5¿su��½�
�üc
I @oβ�

∑l
i=0 f(su|ti)3

∏m
j=1

∑l
i=0 f(sj |ti)¥Ñy�gê§

=
�éf¥�su�Ó�üc��ê

β =
m∑
j=1

δ(sj, su)

δ(x, y)µ�x = y��1§ÄK�0

• �â∂g(z)
∂z

= β
z
g(z)

∂g(z)

∂z
=

∂
[ m∏
j=1

l∑
i=0

f(sj|ti)
]

∂
[ l∑
i=0

f(su|ti)
] =

m∑
j=1

δ(sj, su)

l∑
i=0

f(su|ti)

m∏
j=1

l∑
i=0

f(sj|ti)



1nÙ Äuüc��È�. �Ð&Á½Å August 8, 2019 49/60

éééL¦¦¦���(3)

• XJrzw¤f�¼ê§k∂g(z)
∂f

= ∂g(z)
∂z
· ∂z
∂f

I ÏÏÏ���z =
∑l

i=0 f(su|ti)§éN´��

∂z

∂f
=
∂
[∑l

i=0 f(su|ti)
]

∂f(su|tv)
=

l∑
i=0

δ(ti, tv)

=8I�È©üc¥�tv�Ó��ê

I ���âââ∂g(z)
∂z Ú

∂z
∂fO��(J§�±��

∂
[ m∏
j=1

l∑
i=0

f(sj |ti)
]

∂f(su|tv)
=

∂
[ m∏
j=1

l∑
i=0

f(sj |ti)
]

∂
[ l∑
i=0

f(su|ti)
] ·

∂
[ l∑
i=0

f(su|ti)
]

∂f(su|tv)

∂g(z)/∂z ∂z/∂f

m∑
j=1

δ(sj ,su)

l∑
i=0

f(su|ti)

m∏
j=1

l∑
i=0

f(sj |ti) ·
l∑

i=0
δ(ti, tv)=



1nÙ Äuüc��È�. �Ð&Á½Å August 8, 2019 49/60

éééL¦¦¦���(3)

• XJrzw¤f�¼ê§k∂g(z)
∂f

= ∂g(z)
∂z
· ∂z
∂f

I ÏÏÏ���z =
∑l

i=0 f(su|ti)§éN´��

∂z

∂f
=
∂
[∑l

i=0 f(su|ti)
]

∂f(su|tv)
=

l∑
i=0

δ(ti, tv)

=8I�È©üc¥�tv�Ó��ê

I ���âââ∂g(z)
∂z Ú

∂z
∂fO��(J§�±��

∂
[ m∏
j=1

l∑
i=0

f(sj |ti)
]

∂f(su|tv)
=

∂
[ m∏
j=1

l∑
i=0

f(sj |ti)
]

∂
[ l∑
i=0

f(su|ti)
] ·

∂
[ l∑
i=0

f(su|ti)
]

∂f(su|tv)

∂g(z)/∂z ∂z/∂f

m∑
j=1

δ(sj ,su)

l∑
i=0

f(su|ti)

m∏
j=1

l∑
i=0

f(sj |ti) ·
l∑

i=0
δ(ti, tv)=



1nÙ Äuüc��È�. �Ð&Á½Å August 8, 2019 50/60

éééL¦¦¦���(4)

• ò
∂
[∏m

j=1

∑l
i=0 f(sj |ti)

]
∂f(su|tv)

?�Ú�\ ∂L(f,λ)
∂f(su|tv)

∂L(f, λ)

∂f(su|tv)

=
ε

(l + 1)m
·
∂
[ m∏
j=1

l∑
i=0

f(sj |taj )
]

∂f(su|tv)
− λtv

=
ε

(l + 1)m
·
∑m

j=1 δ(sj , su) ·
∑l

i=0 δ(ti, tv)∑l
i=0 f(su|ti)

m∏
j=1

l∑
i=0

f(sj |ti)− λtv

• - ∂L(f,λ)
∂f(su|tv)

= 0§k

f(su|tv) =
λ−1
tv ε

(l + 1)m
·

m∑
j=1

δ(sj , su) ·
l∑

i=0
δ(ti, tv)

l∑
i=0

f(su|ti)

m∏
j=1

l∑
i=0

f(sj |ti)·f(su|tv)



1nÙ Äuüc��È�. �Ð&Á½Å August 8, 2019 50/60

éééL¦¦¦���(4)

• ò
∂
[∏m

j=1

∑l
i=0 f(sj |ti)

]
∂f(su|tv)

?�Ú�\ ∂L(f,λ)
∂f(su|tv)

∂L(f, λ)

∂f(su|tv)

=
ε

(l + 1)m
·
∂
[ m∏
j=1

l∑
i=0

f(sj |taj )
]

∂f(su|tv)
− λtv

=
ε

(l + 1)m
·
∑m

j=1 δ(sj , su) ·
∑l

i=0 δ(ti, tv)∑l
i=0 f(su|ti)

m∏
j=1

l∑
i=0

f(sj |ti)− λtv

• - ∂L(f,λ)
∂f(su|tv)

= 0§k

f(su|tv) =
λ−1
tv ε

(l + 1)m
·

m∑
j=1

δ(sj , su) ·
l∑

i=0
δ(ti, tv)

l∑
i=0

f(su|ti)

m∏
j=1

l∑
i=0

f(sj |ti)·f(su|tv)



1nÙ Äuüc��È�. �Ð&Á½Å August 8, 2019 51/60

¦¦¦f(su|tv)������`̀̀))) - ùùùØØØ´́́������)))ÛÛÛªªª���������

• 5¿µùØ´��O�f(su|tv)�)Ûª§Ï��ªmà
E¹kf(su|tv)

f(su|tv) = λ−1
tv

ε
(l+1)m

m∏
j=1

l∑
i=0

f(sj |ti)
m∑
j=1

δ(sj , su)
l∑
i=0

δ(ti, tv)
f(su|tv)∑l
i=0 f(su|ti)

• NNNooo���? - ·�E�±|^þªS�/O�f(su|tv)§¦
Ù�ªÂñ��`�
I ù´���~²;��{§¡�Ï"��z(Expectation

Maximization)§{¡EM�{(½�{)
I ggg���µ^�c�ëê§¦��q,¼ê�Ï"§����
zù�Ï"�Ó���#��|ëê��

I éééuuuIBM���...§§§ééé{{{üüüµ�E¦^þª=��

f(su|tv) = λ−1
tv

ε
(l+1)m

m∏
j=1

l∑
i=0

f(sj |ti)
m∑
j=1

δ(sj , su)
l∑
i=0

δ(ti, tv)
f(su|tv)∑l
i=0 f(su|ti)

###���ëëëêêê��� ÎÎÎ���ëëëêêê���

λ−1
tv

¯̄̄KKKµµµλtv =?



1nÙ Äuüc��È�. �Ð&Á½Å August 8, 2019 51/60

¦¦¦f(su|tv)������`̀̀))) - ùùùØØØ´́́������)))ÛÛÛªªª���������

• 5¿µùØ´��O�f(su|tv)�)Ûª§Ï��ªmà
E¹kf(su|tv)

f(su|tv) = λ−1
tv

ε
(l+1)m

m∏
j=1

l∑
i=0

f(sj |ti)
m∑
j=1

δ(sj , su)
l∑
i=0

δ(ti, tv)
f(su|tv)∑l
i=0 f(su|ti)

• NNNooo���? - ·�E�±|^þªS�/O�f(su|tv)§¦
Ù�ªÂñ��`�
I ù´���~²;��{§¡�Ï"��z(Expectation

Maximization)§{¡EM�{(½�{)
I ggg���µ^�c�ëê§¦��q,¼ê�Ï"§����
zù�Ï"�Ó���#��|ëê��

I éééuuuIBM���...§§§ééé{{{üüüµ�E¦^þª=��

f(su|tv) = λ−1
tv

ε
(l+1)m

m∏
j=1

l∑
i=0

f(sj |ti)
m∑
j=1

δ(sj , su)
l∑
i=0

δ(ti, tv)
f(su|tv)∑l
i=0 f(su|ti)

###���ëëëêêê��� ÎÎÎ���ëëëêêê���

λ−1
tv

¯̄̄KKKµµµλtv =?



1nÙ Äuüc��È�. �Ð&Á½Å August 8, 2019 51/60

¦¦¦f(su|tv)������`̀̀))) - ùùùØØØ´́́������)))ÛÛÛªªª���������

• 5¿µùØ´��O�f(su|tv)�)Ûª§Ï��ªmà
E¹kf(su|tv)

f(su|tv) = λ−1
tv

ε
(l+1)m

m∏
j=1

l∑
i=0

f(sj |ti)
m∑
j=1

δ(sj , su)
l∑
i=0

δ(ti, tv)
f(su|tv)∑l
i=0 f(su|ti)

• NNNooo���? - ·�E�±|^þªS�/O�f(su|tv)§¦
Ù�ªÂñ��`�
I ù´���~²;��{§¡�Ï"��z(Expectation

Maximization)§{¡EM�{(½�{)
I ggg���µ^�c�ëê§¦��q,¼ê�Ï"§����
zù�Ï"�Ó���#��|ëê��

I éééuuuIBM���...§§§ééé{{{üüüµ�E¦^þª=��

f(su|tv) = λ−1
tv

ε
(l+1)m

m∏
j=1

l∑
i=0

f(sj |ti)
m∑
j=1

δ(sj , su)
l∑
i=0

δ(ti, tv)
f(su|tv)∑l
i=0 f(su|ti)

###���ëëëêêê��� ÎÎÎ���ëëëêêê���

λ−1
tv

¯̄̄KKKµµµλtv =?



1nÙ Äuüc��È�. �Ð&Á½Å August 8, 2019 52/60

éééf(su|tv)���OOO���???111zzz{{{
• �
O�f(su|tv)§­#|��eþ¡�úª

f(su|tv) = λ−1
tv

ε
(l+1)m

m∏
j=1

l∑
i=0

f(sj |ti)
m∑
j=1

δ(sj , su)
l∑
i=0

δ(ti, tv)
f(su|tv)∑l
i=0 f(su|ti)

ε
(l+1)m

m∏
j=1

l∑
i=0

f(sj |ti)
m∑
j=1

δ(sj , su)
l∑
i=0

δ(ti, tv)
f(su|tv)∑l
i=0 f(su|ti)

���ÈÈÈVVVÇÇÇP(s|t) ���ééé���ooogggêêê
(su, tv)333éééééé(s, t)¥¥¥
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P(s|t)
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ÑÑÑyyygggêêê���ÏÏÏ"""������OOO
¡¡¡������ÏÏÏ"""ªªªgggexpected count

• ååå´́́¯̄̄������ÏÏÏ"""ªªªgggººººººººº - ¯�3Ù©ÙeÑy�g
ê�Ï"cE(X) =

∑
i c(xi) · P(xi)

xi c(xi)
x1 2
x2 1
x3 5

c(X) = 8

xi c(xi) P(xi) c(xi) · P(xi)
x1 2 0.1 0.2
x2 1 0.3 0.3
x3 5 0.2 1.0

cE(X) = 0.2 + 0.3 + 1.0 = 1.5
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ÏÏÏLLLÏÏÏ"""ªªªgggOOO���f(su|tv)
• ���������trick: -λ

′
tv = λtv

P(s|t)

f(su|tv) = λ−1
tv · P(s|t) · cE(su|tv; s, t)

= (λ
′

tv)
−1 · cE(su|tv; s, t)

• λ′tvÄÄÄ¾¾¾´́́���oooººº - £Á�eIBM�.éf(·|·)��å

∀ty :
∑
sx

f(sx|ty) = 1

�
÷vf(·|·)�VÇ8�z�å§w,

λ
′

tv =
∑
su

cE(su|tv; s, t)

• f(su|tv)���OOO���ªªª

f(su|tv) =
cE(su|tv; s, t)∑
su
cE(su|tv; s, t)



1nÙ Äuüc��È�. �Ð&Á½Å August 8, 2019 54/60

ÏÏÏLLLÏÏÏ"""ªªªgggOOO���f(su|tv)
• ���������trick: -λ

′
tv = λtv

P(s|t)

f(su|tv) = λ−1
tv · P(s|t) · cE(su|tv; s, t)

= (λ
′

tv)
−1 · cE(su|tv; s, t)

• λ′tvÄÄÄ¾¾¾´́́���oooººº - £Á�eIBM�.éf(·|·)��å

∀ty :
∑
sx

f(sx|ty) = 1

�
÷vf(·|·)�VÇ8�z�å§w,

λ
′

tv =
∑
su

cE(su|tv; s, t)

• f(su|tv)���OOO���ªªª

f(su|tv) =
cE(su|tv; s, t)∑
su
cE(su|tv; s, t)



1nÙ Äuüc��È�. �Ð&Á½Å August 8, 2019 54/60

ÏÏÏLLLÏÏÏ"""ªªªgggOOO���f(su|tv)
• ���������trick: -λ

′
tv = λtv

P(s|t)

f(su|tv) = λ−1
tv · P(s|t) · cE(su|tv; s, t)

= (λ
′

tv)
−1 · cE(su|tv; s, t)

• λ′tvÄÄÄ¾¾¾´́́���oooººº - £Á�eIBM�.éf(·|·)��å

∀ty :
∑
sx

f(sx|ty) = 1

�
÷vf(·|·)�VÇ8�z�å§w,

λ
′

tv =
∑
su

cE(su|tv; s, t)

• f(su|tv)���OOO���ªªª

f(su|tv) =
cE(su|tv; s, t)∑
su
cE(su|tv; s, t)



1nÙ Äuüc��È�. �Ð&Á½Å August 8, 2019 55/60

333������êêêâââ888þþþOOO���

• ���ýýý¢¢¢������¹¹¹µ·�Pk�X�pÈ�éé£¡�²1
��¤§P�{(s[1], t[1]), (s[2], t[2]), ..., (s[N ], t[N ])}"éu
ùN�Ôö^éé§½Âf(su|tv)�Ï"ªg�

cE(su|tv) =
N∑
i=1

cE(su|tv; s[i], t[i])

• uuu´́́

f(su|tv) =

∑N
i=1 cE(su|tv; s[i], t[i])∑

su

∑N
i=1 cE(su|tv; s[i], t[i])

|^ù�úªO�

#�f(su|tv)�
^�c�f(su|tv)
O�Ï"ªgcE(·)

f(su|tv)

���EEE���111
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������������...ÔÔÔööö���{{{ - EM���{{{

IBM�.1�Ôö£EM�{¤

Ñ\: ²1��{(s[1], t[1]), ..., (s[N ], t[N ])}
ÑÑµëêf(·|·)��`�
1: Function TrainItWithEM({(s[1], t[1]), ..., (s[N ], t[N ])})
2: Initialize f(·|·) B 'X�f(·|·)��þ!©Ù
3: Loop until f(·|·) converges
4: foreach k = 1 to N do

5: cE(su|tv; s[k], t[k]) =
|s[k]|∑
j=1

δ(sj , su)
|t[k]|∑
i=0

δ(ti, tv) · f(su|tv)∑l
i=0 f(su|ti)

6: foreach tv appears at least one of {t[1], ..., t[N ]} do
7: λ

′
tv =

∑
su

∑N
k=1 cE(su|tv; s[k], t[k])

8: foreach su appears at least one of {s[1], ..., s[N ]} do
9: f(su|tv) =

∑N
k=1 cE(su|tv; s[k], t[k]) · (λ′tv)

−1

10: return f(·|·)

• E-Step: 1114-5§§§OOO���cE(·)¶¶¶M-Stepµµµ1116-9§§§OOO���f(·)
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EM���{{{���IBM���...2

• EM�{�±��^uÔöIBM�.2(ùp��í�)
I ëê1µf(sj |ti) - �IBM�.1��
I ëê2µa(i|j,m, l) - NSVÇ

1 E-Step (éuéé(s, t)§m = |s|, l = |t|)

cE(su|tv; s, t) =
m∑
j=1

l∑
i=0

f(su|tv)a(i|j,m, l)δ(sj, su)δ(ti, tv)∑l
k=0 f(su|tk)a(k|j,m, l)

cE(i|j,m, l; s, t) =
f(sj|ti)a(i|j,m, l)∑l
k=0 f(sj|tk)a(k|j,m, l)

2 M-Step

f(su|tv) =

∑K
k=0 cE(su|tv; s[k], t[k])∑

su

∑K
k=0 cE(su|tv; s[k], t[k])

a(i|j,m, l) =

∑K
k=0 cE(i|j; s[k], t[k])∑

i

∑K
k=0 cE(i|j; s[k], t[k])
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IBM���...1ÚÚÚ2ÄÄÄ���000������




• 25£��e§IBM�.1Ú2�)±en�¡SNµ
1 ïïï��� - 125�∼136�
2 )))èèè - 138�
3 ÔÔÔööö - 156�

• �kéõéõ¯Kvk?Ø
I )èµ116�¤£ã�)è�{éo÷

I��Ä�õ��Èb� - beam search - ��Ù!¬0�

I ÔöµEM�{�¯K´µ
38I¼ê��â(])8¼ê�§N´�\ÛÜ�`

õ�4�:

�â(non-convex)¼ê

��4�:

â(convex)¼ê

'�3$�´IBM�.1kü�4�:§EM�±���Û�
`"
�Ï~¬rIBM�.1�ëê��p��.(X�
.2)�Ñ\§�y�¡�Ôöl�Ð�Ð©�m©
¬kdegenerate analysis�¯K
Google�evariational EMÚbayesian inference
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GIZA++

• IBM�.3-5Ø´��§�­:
I ï��éE,�
§�,�.��r�
I ÔöÚ)èØ�{ü
I í��
�Öá�

A Program for Aligning Sentences in Bilingual Corpora.
William A. Gale and Kenneth W. Church. 1993.
A systematic comparison of various statistical alignment
models. Franz Och and Hermann Ney. 2003.
ÄÄÄuuuIBM���...���ÚÚÚOOOÅÅÅììì���ÈÈÈEEEâââ���ïïïÄÄÄ. �Ð. 2008. (a
¬Ø©)

• ØØØ���ØØØJJJ���GIZA++µ¢y
IBM�.+HMM�.§y
32�^uV�²1���gÄcéà
I ��m

http://code.google.com/p/giza-pp/

I NiuTrans¥�k¦^�ª�0�
http://www.nlplab.com/NiuPlan/NiuTrans.YourData.

ch.html

http://code.google.com/p/giza-pp/
http://www.nlplab.com/NiuPlan/NiuTrans.YourData.ch.html
http://www.nlplab.com/NiuPlan/NiuTrans.YourData.ch.html
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éééõõõ§§§���´́́���vvvááá��� :(
���¡¡¡(���UUULLLüüüccc)ÖÖÖþþþüüücccgggÄÄÄéééààà���SSSNNN :)

�� �[

thank you all
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