
S
tatistical

M
ach

in
e

T
ran

slatio
n

M
arcello

F
ederico

F
B

K
-irst

T
rento,

Italy
G

alileo
G

alilei
P
hD

S
chool

-
U

niversity
of

P
isa

P
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7-19
M

ay
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P
art

III:
S
earch

P
ro

b
lem

•
C
om

plexity
issues

•
A
∗

search:
w

ith
single

and
m

ulti-stacks

•
D

ynam
ic

P
rogram

m
ing

and
the

T
S
P

problem

•
D

P
b
eam

-search:
w

ith
single

and
m

ulti-stacks

•
R
e-ordering

constraints

•
E
xtensions

to
translation

m
odels

and
search

algorithm
s

M
.
F
ederico,

F
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K
-irst

S
M

T
-

P
art

III
P
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2

D
eco

d
in

g
in

S
M

T

G
iven

a
statistical

alignm
ent

m
odel,

a
language

m
odel,

and
a

source
sentence,

the
task

o
f
th

e
search

pro
ced

u
re

is
to

fi
nd

the
m

ost
likely

translation:

e
∗

=
argm

ax
e

p(e) ∑

a

p(f,a
|e)

O
ften,

w
e

use
the

V
iterb

i
or

m
axim

u
m

ap
proxim

atio
n
:

e
∗

=
argm

ax
e

p(e)
m

ax
a

p(f,a
|e)

C
o
m

p
lexity

o
f
d
eco

d
in

g
dep

ends
on

w
ord-reordering:

•
no

w
ord-reordering:

p
olynom

ial
(V

iterbi
algorithm

)

•
only

local
w
ord-reordering:

high-p
olynom

ial

•
arbitrary

w
ord-reordering:

N
P
-hard

M
.
F
ederico,

F
B

K
-irst

S
M

T
-

P
art

III
P
isa,

7-19
M

ay
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D
eco

d
in

g
C
o
m

p
lexity

L
et

us
consider

decoding
w

ith
M

odel
1:

e
∗
=

a
rg

m
a
x

l,e
1
,e

2
,...,e

l

p
(e

1
|
$
)
·
p
($

|
e

l )
·

l
Yi=

2

p
(e

i |
e

i−
1 )

|
{z

}
P
r(e)

·
p
(m

|
l)

(l
+

1
)
m

·
m

Yj=
1

l
Xi=

1

p
(f

j
|
e

i )

|
{z

}
P

a
P
r(f,a|e)

•
W

e
assum

e
a

fi
xed

range
of

lengths
for

the
target

string,
e.g.

l≤
2m

•
C
om

puting
the

single
alignm

ent
and

L
M

probabilities
is

fast

•
E
ven

if
w
e

assum
e

that
any

F
rench

w
ord

m
ight

translate
into

at
m

ost
k

w
ords,

iterating
over

p
ossible

target
sequences

requires
O

(k
2
m

)
op

erations!

•
D

ecoding
w

ith
M

odel1
and

higher
m

odels
can

b
e

proven
to

b
e

N
P
-hard,

hence
there

is
little

hop
e

for
an

effi
cient

algorithm
.

•
S
olutions:

approxim
ate

algorithm
s

(b
eam

search)
+

constraints
on

w
ord-

reordering

M
.
F
ederico,
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K
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T
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art

III
P
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4

C
o
m

p
u
tatio

n
al

co
m

p
lexity

•
A

decision
problem

is
a

m
athem

atical
question

w
ith

a
yes-or-no

answ
er,

dep
ending

on
the

values
of

som
e

input
param

eters
(instance).

S
ubset

sum
problem

(S
S
P
):

given
a

fi
nite

set
of

integers,
determ

ine
w

hether
any

non-em
pty

subset
of

it
sum

s
to

zero.

•
C
o
m

p
lexity

classes
o
f
d
ecisio

n
pro

b
lem

s:
P

:
solutions

in
P

can
b
e

com
puted

effi
ciently

(=
in

p
olynom

ial
tim

e)
N

P
:
solutions

in
N

P
can

b
e

verifi
ed

effi
ciently

•
A

rem
arkable

subset
of

N
P

is
the

N
P
-com

plete
(N

P
C
)

set

•
N

P
C

pro
b
lem

s
are

th
e

h
ard

est
pro

b
lem

s
in

N
P

in
the

sense
that:

–
an

effi
cient

solution
of

one
N

P
C

prob
w
ould

apply
to

allN
P

probs
(N

P
=

P
)

–
a

proof
that

one
N

P
C

prob
/∈

P
w
ould

apply
to

all
N

P
probs

(N
P
#=

P
)

•
S
S
P

is
N

P
-com

plete:
a

supp
osed

answ
er

is
very

easy
to

verify
for

correctness,
but

there
is

no
know

n
effi

cient
algorithm

to
fi
nd

an
answ

er;
that

is,
all

know
n

algorithm
s

are
im

practically
slow

for
large

sets
of

integers.

M
.
F
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F
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K
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S
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P
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III
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N
P
-C

o
m

p
lete

P
ro

b
lem

s

A
decision

problem
C

is
N

P
-co

m
p
lete

if:

1.
C

is
in

N
P

i.e.
a

candidate
solution

to
C

can
b
e

verifi
ed

in
p
olynom

ial
tim

e.

2.
every

problem
K

in
N

P
is

reducible
to

C
i.e.

there
is

an
effi

cient
algorithm

w
hich

transform
s

instances
k
∈

K
into

instances
c
∈

C
,
s.t.

the
answ

er
to

c
is

Y
E
S

iff
the

answ
er

to
k

is
Y

E
S
.

•
F
or

(2)
it

is
suffi

cient
to

show
that

an
already

know
n

N
P
C

prob
reduces

to
C

•
A

problem
satisfying

(2)
is

said
to

b
e

N
P
-hard,

w
hether

or
not

it
satisfi

es
(1).

•
N

ote
that

N
P
-h

ard
pro

b
lem

s
d
o

n
o
t

n
eed

to
b
e

d
ecisio

n
pro

b
lem

s

•
A

consequence
of

this
defi

nition
is

that
if

w
e

had
an

effi
cient

algorithm
for

C
,

w
e

could
solve

all
problem

s
in

N
P

in
p
olynom

ial
tim

e.

•
T

he
problem

w
eather

P
=

N
P

or
P
#=

N
P

is
still

unsolved!
–

$1
m

illion
rew

ard
off

ered
by

a
prestigious

institution

M
.
F
ederico,
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K
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M
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6

D
eco

d
in

g
w

ith
M

1
is

N
P
-co

m
p
lete

W
e

express
the

search
problem

in
term

s
of

a
d
ecisio

n
pro

b
lem

M
1
-D

E
C
ID

E
:

G
iven

a
string

f
of

length
m

,
a

set
of

param
eter

tables
p(l|

m
),

p(e
|
e ′)

and
p(f

|
e),

and
a

real
num

b
er

k
,

does
there

exist
a

string
e

of
length

≤
2m

such
that

P
r(e)·P

r(f
|e)

>
k
?

T
h
eorem

.
M

1-D
E
C
ID

E
is

N
P
-com

plete

P
ro

o
f

Inclusion
in

N
P

is
easy:

for
any

e
com

putation
ofP

r(e)·P
r(f

|e)
is

p
olynom

ial.
N

ext,
w
e

show
a

p
olynom

ial-tim
e

reduction
from

another
N

P
-com

plete
problem

,
nam

ely
the

H
am

iltonian
C
ircuit

P
roblem

.
(continued)
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M
1
-D

E
C
ID

E
is

N
P
-co

m
p
lete:

P
ro

o
f

H
am

ilto
n
ian

C
ircu

it
P
ro

b
lem

G
iven

a
directed

graph
G

w
ith

vertices
lab

eled
0,1,...,n

does
G

have
a

path
that

visits
each

vertex
exactly

once
and

returns
to

its
starting

p
oint?

R
ed

u
ctio

n
L
et

F
=

{1,...,n}
and

E
=

{0}
∪
F

,
p(f

|
e)

=
δ(f

,e),
p(m

|
l)

=
δ(m

,l),
p(e

|
e ′)

=
1

|n
(e ′)|

if
vertex

e
is

in
the

adjacent
set

n(e ′),
and

0
otherw

ise;
let

f
=

1,2
...,n

and
k

=
0.

W
e

use
e

=
0

as
the

sp
ecial

b
oundary

w
ord

$.

In
sig

h
t

W
e

have
expressed

the
H

C
P

as
a

translation
problem

!
A

s
w
e

now
that

H
C
P

is
hard

to
solve

effi
ciently,

so
m

ust
b
e

our
M

T
problem

as
w
ell.
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P
ro

g
ress

in
S
earch

A
lg

orith
m

s
for

S
M

T

1996
B

erger
et

al.
m

ulti-stack
A
∗

decoder
for

M
odel

3
W

u
A
∗

decoder
for

M
odel

2
1997

W
ang

et
al.

m
ultiple

stacks
+

A
∗

for
M

odel
2

1998
W

ang
et

al.
add

re-shuffl
ing

for
M

odel
3

G
arcia

et
al.,

N
iessen

et
al.

D
P

algorithm
for

M
odel

2
2001

G
erm

ann
et

al.
three

decoders
for

M
odel

4
A
∗,

greedy,
integer

program
m

ing
(short

sentences)
2002

T
illm

an
et

al.
D

P
-b

eam
search

decoder
M

odel
4

2003
O

ch
&

N
ey

D
P

search
alignm

ent-tem
plate

approach
K

oehn
et

al.
m

ultistack
D

P
b
eam

-search
for

phrase-
based

S
M

T
(P

haraoh,
M

oses)

M
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K
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S
M

T
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P
art

III
P
isa,
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S
tack

D
eco

d
er

T
he

stack
or

A
∗

d
eco

d
in

g
alg

orith
m

builds
a

solution
increm

entally
and

stores
partial

solutions
h

into
an

ordered
stack.

1.
Initialize

the
stack

w
ith

an
em

pty
hyp

othesis
2.

P
op

h
,
the

b
est

hyp
othesis,

from
the

stack
3.

If
h

is
a

com
plete

sentence,
output

h
and

term
inate

4.
C
over

som
e

vacant
p
osition,

p
ossibly

extend
h

w
ith

a
target

w
ord

w
,
and

push
the

resulting
hyp

othesis
on

the
stack

5.
R
eturn

2.

•
M

T
decoding

does
not

progress
synchronously

w
ith

input
(as

in
A

S
R
)

•
T

he
solution

is
built

left-to-right,
but

input
is

consum
ed

in
any

order

•
T

he
set

of
p
ositions

covered
by

h
is

called
coverage

set

•
A
∗

search
needs

an
heuristic

to
estim

ate
the

com
pletion

cost
of

each
theory

M
.
F
ederico,

F
B

K
-irst

S
M

T
-

P
art
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M
u
lti

S
tack

D
eco

d
er

•
W

ithout
a

good
heuristic

h
yp

o
th

eses
w

ith
d
iff

eren
t

co
verag

e
sets

are
n
o
t

d
irectly

co
m

p
arab

le

•
Idea:

use
o
n
e

stack
for

each
co

verag
e

set
size,

extend
one

h
for

each
stack

•
B

uild
solutions

increm
entally

by
applying

op
erations

to
hyp

otheses
(step

4.):
(here

w
e

assum
e

a
w
ord-based

fertility
m

odel)
A
d
d

adds
a

new
E
nglish

w
ord

and
aligns

a
single

F
rench

w
ord

to
it.

A
d
d
Z
fert

adds
tw

o
new

E
nglish

w
ords,

the
fi
rst

has
fertility

zero,
the

second
is

aligned
to

a
single

F
rench

w
ord.

E
xten

d
aligns

an
additional

F
rench

w
ord

to
the

m
ost

recent
E
nglish

w
ord,

increasing
its

fertility.
A
d
d
N

u
ll

aligns
a

F
rench

w
ord

to
the

E
nglish

N
U

L
L

w
ord

•
W

e
need

som
e

tricks
to

reduce
cost

of
som

e
op

eration,
e.g.

A
ddZ

fert:
w
e

just
introduce

w
ords

w
ith

high
zero-fertility

probability,
and

w
hich

increase
the

score
of

a
theory.

M
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F
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F
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K
-irst

S
M
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P
art

III
P
isa,
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D
yn

am
ic

P
ro

g
ram

m
in

g
A
p
pro

ach

L
et

us
introduce

the
T
ravelin

g
S
alesm

an
P
ro

b
lem

•
F
orm

u
latio

n
:

given
a

set
of

n
cities

{1,2,...,n}
and

costs
for

traveling
b
etw

een
tw

o
cities,

fi
nd

the
m

inim
um

cost
tour

visiting
all

cities
exactly

once,
w

hile
starting

and
ending

at
city

1.

•
C
o
m

p
lexity:

N
P
-hard.

N
aive

algorithm
has

com
plexity

O
(n!)

•
A
lg

orith
m

s:
H

eld
and

K
arp

(1962)
D

P
solution

is
O

(n
22

n)
and

is
based

on
the

recursive
quantity

Q
(C

,j)
d
e
f
.

≡
cost

of
the

optim
al

partial
tour

starting
at

city
1,

ending
in

city
j

and
visiting

all
cities

of
the

subset
C

(C
m

ust
also

include
j).

•
Q

corresp
onds

to
an

optim
al

path
covering

a
sp

ecifi
c

subset
of

cities
and

em
b
eds

all
the

inform
ation

w
hich

are
necessary

to
search

for
a

longer
path.

M
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F
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K
-irst
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P
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H
eld

an
d

K
arp

D
P

A
lg

orith
m

for
T
S
P

1.
input:

cities
1,2,...,n

w
ith

distance
m

atrix
d(j,j ′)

2.
initialization:

for
k

=
2,...,n

Q
({k},k)

=
d(1,k)

;
B

({k},k)
=

1
3.

for
each

path
length

c
=

2,...,n
4.

for
each

pair
(C

,j)
w

ith
|C|=

c
5.

Q
(C

,j)
=

m
in

j ′∈
C\{

j} {d(j,j ′)+
Q

(C
\
{j},j ′)}

6.7.
shortest

tour:
Q
∗

=
m

in
j∈

{
2
,...,n

} {d(1,j)+
Q

({2,...,n},j)}
8.9.
10.
11.

M
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F
B

K
-irst

S
M

T
-

P
art
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H
eld

an
d

K
arp

D
P

A
lg

orith
m

for
T
S
P

1.
input:

cities
1,2,...,n

w
ith

distance
m

atrix
d(j,j ′)

2.
initialization:

for
k

=
2,...,n

Q
({k},k)

=
d(1,k)

;
B

({k},k)
=

1
3.

for
each

path
length

c
=

2,...,n
4.

for
each

pair
(C

,j)
w

ith
|C|=

c
5.

Q
(C

,j)
=

m
in

j ′∈
C\{

j} {d(j,j ′)+
Q

(C
\
{j},j ′)}

6.
B

(C
,j)

=
arg

m
in

j ′∈
C\{

j} {d(j,j ′)+
Q

(C
\
{j},j ′)}

7.
shortest

tour:
Q
∗

=
m

in
j∈

{
2
,...,n

} {d(1,j)+
Q

({2,...,n},j)}
8.

backtracking:
B
∗n

=
arg

m
in

j∈
{
2
,...,n

} {d(1,j)+
Q

({2,...,n},j)}
9.

C
∗n

=
{2,...,n}

10.
for

c
=

n
,n
−

1,...,2
11

.
B
∗c−

1
=

B
(C

∗c ,B
∗c )

;
C
∗c−

1
=
C
∗c
\

B
∗c
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H
eld

an
d

K
arp

D
P

A
lg

orith
m

for
T
S
P

1

2345

354535234 422

555444333222

2345

1

•
C
ities:

1,2,3,4,5
•

E
ach

(partial)
path

corresp
onds

to
a

(partial)
tour

•
A
t

each
node

w
e

m
axim

ize
and

recom
bine

over
paths

visiting
exactly

the
sam

e
set

of
cities

and
ending

in
the

sam
e

city.

M
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D
P

d
eco

d
er

for
S
M

T

A
D

P
algorithm

for
a

fertility
w
ord

-b
ased

S
M

T
m

odel
can

b
e

derived
from

the
T

S
P

algorithm
:
cities

corresp
o
n
d

to
so

u
rce

p
o
sitio

n
s.

T
he

recursive
quantity

m
ust

b
e

enriched
w

ith
other

state
inform

ation:

Q
(C

,j,i,e ′,e)
d
e
f
.

≡
cost

of
the

optim
al

partial
translation,

covering
p
ositions

C
,

w
ith

last
translated

source
p
osition

j,
target

lenght
i,

and
last

target
w
ords

e ′
and

e.

E
ach

inform
ation

is
necessary

to
extend

the
translation:

•
j

is
needed

to
com

pute
the

distortion
probability

•
e ′,e

are
needed

to
com

pute
the

trigram
L
M

•
C

is
needed

to
control

the
coverage

of
all

p
ositions

•
i

is
needed

to
p
erm

it
translations

of
diff

erent
lenghts
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D
P

b
eam

-search
alg

orith
m

1.
i=

0
2.

P
ut

translation
theories

covering
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