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L
e
ve

n
sh

te
in

d
ista

n
ce

(a
ka

e
d
it

d
ista

n
ce

)
is

th
e

m
in

im
u
m

n
u
m

b
e
r
o
f

su
b
stitu

tio
n
s,

d
e
le

tio
n
s,

o
r
in

se
rtio

n
s

n
e
ce

ssary
to

m
a
p

a
strin

g
o
f
sp

o
ke

n

w
o
rd

s
to

th
e

strin
g

o
f
re

co
g
n
ize

d
w
o
rd

s.
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.
W

o
rd

e
rro

r
ra

te
:
e
xa

m
p
le

.

�
E
xa

m
p
le

fro
m

a
ca

ll
ro

u
te

r:

–
S
p
o
ke

n
w
o
rd

s:

n
o

i
n
e
e
d

re
p
a
ir

o
n

m
y

p
h
o
n
e

its
u
h

cra
ck

lin
g

a
n
d

its
rin

g
in

g
h
e
re

w
h
e
re

i
live

a
n
d

u
h

its
ju

st
d
e
a
d

o
th

e
r
th

a
n

th
e

cra
ck

lin
g

n
o

d
ia

l

to
n
e

a
t

a
ll

–
R
e
co

g
n
ize

d
w
o
rd

s:

n
o

—
n
e
e
d

re
p
a
ir

o
n

m
y

p
h
o
n
e

its
n
o
t

cra
ck

lin
g

a
n
d

—
rin

g
in

g

h
e
re

w
h
e
re

i
live

—
—

in
m

y
b
e
d

o
th

e
r
th

a
n

th
e

cra
ck

lin
g

th
ere

n
o

d
ia

l
to

n
e

a
t

a
ll

su
b
stitu

tio
n
,

in
sertion

,
—

d
e
le

tio
n

W
E
R

=
4

su
b
stitu

tio
n
s
+

1
in

se
rtio

n
+

4
d
e
le

tio
n
s

3
1

sp
o
ke

n
w
o
rd

s
=

2
9
%

(2)
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.
W

o
rd

e
rro

r
ra

te
:
a
m

b
ig

u
ity

.

�
C
o
n
sid

e
r
a
n
o
th

e
r
e
xa

m
p
le

:

–
S
p
o
ke

n
w
o
rd

s:

n
o

n
e
e
d

to
re

p
a
ir

m
y

p
h
o
n
e

–
R
e
co

g
n
ize

d
w
o
rd

s:

n
o

n
e
e
d

re
p
a
ir

m
y

b
ro

ke
n

p
h
o
n
e

–
D

e
te

rm
in

in
g

w
o
rd

e
rro

rs:

1
)

n
o

n
e
e
d

re
p
a
ir

m
y

b
ro

ke
n

p
h
o
n
e

[3
e
rro

rs]

2
)

n
o

n
e
e
d

re
p
a
ir

—
m

y
broken

p
h
o
n
e

[3
e
rro

rs]

3
)

n
o

n
e
e
d

—
re

p
a
ir

m
y

broken
p
h
o
n
e

[2
e
rro

rs]

�

A
p
p
are

n
tly,

d
e
te

rm
in

in
g

th
e

m
in

im
u
m

n
u
m

b
e
r

o
f
e
rro

rs
m

ay
n
o
t

b
e

a
s

trivia
l
a
s

it
fi
rst

se
e
m

s.
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L
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n
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te
in
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ista

n
ce
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E
xa

m
p
lifyin

g
th

e
L
e
ve

n
sh

te
in

d
ista

n
ce

o
n

th
e

ch
ara

cte
r

le
ve

l:

S
A

T
U

R
D

A
Y

0
1

2
3

4
5

6
7

8

S
1

0
1

2
3

4
5

6
7

U
2

1
1

2
2

3
4

5
6

N
3

2
2

2
3

3
4

5
6

D
4

3
3

3
3

4
3

4
5

A
5

4
3

4
4

4
4

3
4

Y
6

5
4

4
5

5
5

4
3

�

In
th

is
m

a
trix,

p
e
n
a
ltie

s
fo

r

–
a

ve
rtica

l
ste

p
is

1
(in

se
rtio

n
),

–
a

h
o
rizo

n
ta

l
ste

p
is

1
(d

e
le

tio
n
),

–
a

d
ia

g
o
n
a
l
ste

p
is

0
if

th
e

targ
e
t

fi
e
ld
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le

tte
rs

are
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n
tica
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th

e
rw
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1
(su

b
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.
L
e
ve

n
sh

te
in

d
ista

n
ce

(co
n
t.)

.

�
F
o
rm

a
lly,

th
e

L
e
ve

n
sh

te
in

d
ista

n
ce

ca
n

b
e

co
m

p
u
te

d
b
y

a
n

a
p
p
lica

tio
n

o
f

d
yn

a
m

ic
p
ro

g
ra

m
m

in
g

(D
P
).

�
D

P
is

a
m

e
th

o
d

to
so

lve
co

m
p
le

x
p
ro

b
le

m
s

b
y

b
re

a
k
in

g
th

e
m

d
o
w

n
in

to

sim
p
le

r
su

b
p
ro

b
le

m
s.

�

In
o
u
r

ca
se

,
th

e
p
ro

b
le

m
is

to
d
e
te

rm
in

e
th

e
m

in
im

a
l
co

st
c

o
f
a

p
a
th

th
ro

u
g
h

a
g
rid

sp
a
n
n
e
d

b
y

th
e

tw
o

sym
b
o
l
se

q
u
e
n
ce

s
(le

tte
rs,

ch
ara

cte
rs,

fe
a
tu

re
ve

cto
rs,

o
r

th
e

like
)

x
n1

:=
x

1
,
.
.
.
,
x

n
a
n
d

y
m1

:=
y
1 ,

.
.
.
,
y

m
.

(3)

�

T
h
e

co
st

c
is

n
o
th

in
g

b
u
t

th
e

m
in

im
a
l
co

st
o
f
a

p
a
th

e
n
d
in

g
a
t

th
e

g
rid

n
o
d
e

(n
,
m

)
w

h
e
re

b
o
th

se
q
u
e
n
ce

s
te

rm
in

a
te

:

c
=

l(n
,
m

).
(4)
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.
L
e
ve

n
sh

te
in

d
ista

n
ce

(co
n
t.)

.

�
N

o
w

,
le

t
u
s

in
d
u
ctive

ly
d
e
fi
n
e

th
e

co
st

l(i,
j
)

fo
r
th

e
m

in
im

a
l
co

st
o
f
a

p
a
th

e
n
d
in

g
a
t

th
e

g
rid

n
o
d
e

(i,
j
):

–
T
h
e

start
co

st,
i.e

.,
th

e
co

st
a
t

th
e

b
e
g
in

n
in

g
o
f
th

e
p
a
th

,
is

se
t

to

ze
ro

,
a
n
d

th
e

co
sts

o
f
in

itia
l
d
e
le

tio
n
s

a
n
d

in
se

rtio
n
s

are
d
e
fi
n
e
d

a
s

b
o
u
n
d
ary

co
n
d
itio

n
s:

l(0
,
0
)

=
0
;

l(i,
0
)

=
i

fo
r

i
∈

{
1
,
.
.
.
,
n

}
;

l(0
,
j
)

=
j

fo
r

j
∈

{
1
,
.
.
.
,
m

}
.

–
F
o
r
e
ve

ry
g
rid

n
o
d
e
,
th

e
m

in
im

u
m

co
st

is
th

a
t

o
n
e

o
b
ta

in
e
d

b
y

co
m

in
g

fro
m

th
e

ve
rtica

l
n
e
ig

h
b
o
r
b
y

in
se

rtio
n
,
fro

m
th

e
h
o
rizo

n
ta

l
n
e
ig

h
b
o
r

b
y

d
e
le

tio
n
,
o
r

fro
m

th
e

d
ia

g
o
n
a
l
n
e
ig

h
b
o
r
b
y

p
o
te

n
tia

l
su

b
stitu

tio
n
:

l(i,
j
)

=
m

in
({

l(i,
j

−
1
)
+

1
,

l(i−
1
,
j
)
+

1
,

l(i−
1
,
j

−
1
)
+

1
−

δ
x

i
,y

j }
)

(5)

w
ith

th
e

K
ro

n
e
cke

r
d
e
lta

δ
x

,y
=



1
if

x
=

y

0
o
th

e
rw

ise
(6)
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.
L
e
ve

n
sh

te
in

d
ista

n
ce

:
e
xe

rcise
.

�

C
a
lcu

la
te

th
e

L
e
ve

n
sh

te
in

d
ista

n
ce

b
e
tw

e
e
n

th
e

se
q
u
e
n
ce

s

x
1
0

1
=

1
,
0
,
0
,
1
,
1
,
0
,
1
,
0
,
0
,
1

(7)

a
n
d

y
1
0

1
=

0
,
1
,
1
,
0
,
0
,
1
,
0
,
1
,
0
,
1
.
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O

u
tlin

e
.

�
in

tro
d
u
ctio

n

�
sp

e
e
ch

re
co

g
n
itio

n

–
in

tro
d
u
ctio

n

–
e
va

lu
a
tio

n
/
L
e
ve

n
sh

te
in

d
ista

n
ce

/
d
yn

a
m

ic
p
ro

g
ra

m
m

in
g

–
F
o
u
rie

r
tra

n
sfo

rm

–
sp

e
e
ch

a
n
a
lysis

–
sta

tistica
l
m

o
d
e
ls

�

sp
e
e
ch

syn
th

e
sis

�

vo
ice

co
n
ve

rsio
n
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.
F
o
u
rie

r
tra

n
sfo

rm
.

�
T
h
e

F
o
u
rie

r
tra

n
sfo

rm
d
e
co

m
p
o
se

s
a

fu
n
ctio

n
in

to
sin

u
so

id
s

o
f
d
iff

e
re

n
t

fre
q
u
e
n
cy

th
a
t

su
m

to
th

e
o
rig

in
a
l
fu

n
ctio

n
.

�

D
e
fi
n
itio

n
o
f
th

e
F
o
u
rie

r
tra

n
sfo

rm
:

F
(ω

)
=

1
√

2
π

∞∫

−
∞

f
(t)e

−
i
ω

td
t;

ω
∈

R
.

(9)

�

f
a
n
d

F
o
ccu

p
y

tw
o

d
o
m

a
in

s
(u

p
p
e
r
a
n
d

lo
w
e
r)

[B
ra

ce
w
e
ll,

1
9
6
5
]:

F
u
n
ction

s
circu

late[...]
at

grou
n
d

level
an

d
th

eir
tran

sform
s

in
th

e
u
n
d
erw

orld
.

�

f
−

→
tim

e
(o

r
sp

a
cia

l)
d
o
m

a
in

;
F

−
→

fre
q
u
e
n
cy

d
o
m

a
in
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.
T

h
e

sp
e
ctro

g
ra

m
.

O
rig

in
a
l
sig

n
a
l:

“
n
in

e
te

e
n
th

ce
n
tu

ry”
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.
D

iscre
te

F
o
u
rie

r
tra

n
sfo

rm
(D

F
T

)
.

�
T
h
e

(co
n
tin

u
o
u
s)

F
o
u
rie

r
tra

n
sfo

rm
ca

n
n
o
t

d
ire

ctly
b
e

h
a
n
d
le

d
b
y

n
u
m

e
rica

l
co

m
p
u
ta

tio
n

th
a
t

re
q
u
ire

s
d
iscre

te
sa

m
p
le

va
lu

e
s

o
f

f
(t).

�
T
h
e

sa
m

e
a
p
p
lie

s
to

th
e

fre
q
u
e
n
cy

d
o
m

a
in

w
h
e
re

a
co

m
p
u
te

r
ca

n

co
m

p
u
te

F
(ω

)
o
n
ly

a
t

d
iscre

te
va

lu
e
s

o
f

ω
.

�

U
sin

g
th

e
d
iscre

tiza
tio

n
f

k
=

f
(k

T
)

a
n
d

F
r

=
F

(r
ω

0 ),
th

e
D

F
T

is

d
e
fi
n
e
d

a
s:

F
r

=

N
0
−

1
∑k
=

0

f
k
e

−
i
r
k

2
π

N
0
;

r
∈

{
0
,
.
.
.
,
N

0
−

1}

=

N
0
−

1
∑k
=

0

f
k
c
o
s

(

r
k

2
π

N
0

)

−
i
sin

(

r
k

2
π

N
0

)

(10)
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In
o
rd

e
r
to

b
e

a
b
le

to
re

co
n
stru

ct
f

fro
m

F
r ,

th
e

N
yq

u
ist

crite
rio

n
h
a
s

to

b
e

sa
tisfi

e
d
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i.e

.,
F

(ω
)
=

0
fo

r
|ω

|
>
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.
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.
F
a
st

F
o
u
rie

r
tra

n
sfo

rm
(F

F
T

)
.

�
F
F
T

w
a
s

d
e
ve

lo
p
e
d

b
y

[C
o
o
le

y
a
n
d

T
u
ke

y,
1
9
6
5
]

(e
ve

n
th

o
u
g
h

[H
e
id

e
m

a
n
+

,
1
9
8
4
]
d
isco

ve
re

d
th

a
t

C
arl

F
rie

d
rich

G
a
u
ss

h
a
d

in
ve

n
te

d
th

e
a
lg

o
rith

m
a
lre

a
d
y

in
1
8
0
5
).

�

T
h
e

m
o
st

p
o
p
u
lar

a
lg

o
rith

m
d
ivid

e
s

th
e

N
-p

o
in

t
tra

n
sfo

rm
in

to
tw

o

tra
n
sfo

rm
s

o
f
size

N
/
2

e
a
ch

.

�

T
h
e

a
lg

o
rith

m
is

th
e
n

re
cu

rsive
ly

a
p
p
lie

d
to

e
a
ch

su
b
d
ivisio

n
.
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T
h
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s
th

e
a
lg

o
rith

m
’s
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m

p
le
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fro

m
O
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F
T
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O
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g

N
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F
T
).
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p
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d
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p
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p
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p
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=
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︷
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