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O
vervie

w

�

Learning
approaches

and
m

odels

–
G

old-style
learning

–
S

ubclasses
ofregular

languages

�

Identifiability
results

–
C

haracterizations

–
E

fficientalgorithm
s

–
C

losure
properties;D

escriptionalcom
plexity
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M
achine

Learning
A

pproac
hes

�

determ
inistic

�

heuristic

�

stochastic

�

neuralnetw
orks

�

...
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M
odels.

..

�

Identification
in

the
lim

it(G
old

I&
C

1967)

�

P
robably

approxim
ately

correct(PA
C

)
learning

(V
aliantC

A
C

M
1984)

�

M
inim

ally
adequate

teacher
(M

AT
)

learning
(A

ngluin
I&

C
1987)

�

R
obotenvironm

entdetection
(R

ivest,S
chapire

I&
C

1993)

�

...
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...and
M

aterial

�

F
orm

allanguages,actually:
autom

ata
&

gram
m

ars,
m

ore
specifically:

–
string

languages

–
tree

languages

–
ω

-languages

–
picture

languages

�

sets/sequences
ofnum

bers

�

program
s
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Identification
in

the
lim

it
(from

positive
sam

ples)

F
ix

language
class�

and
description

form
alism

�

.

To
the

inference
m

achine
IM

,a
language

L� �

is
enum

erated,i.e.,

L �
� w

n� n�

1� 	

and
w

n
is

given
to

IM
attim

e
step

n.

O
n

receiving
w

n ,IM
responds

w
ith

a
hypothesis

description
D

n � �

.

IM
is

a
learner

for�

if
the

described
process

alw
ays

converges,
i.e.,

for
all

languages
L� �

and
allenum

erations
 w
n� n�

1�
of

L,there
is

an
n

0
such

that,
for

alln�

n
0 ,w

e
find

D
n

0 �

D
n ;m

oreover,L
 D
n

0 � �

L.

6



Langua
g

e
Identification

(P
ositive

S
am

ples)

w
1

w
2

w
3

...w
M

...�

L

D
1

D
2

D
3

...D
M

...L 


L� D
M �

?!

IM
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D
iscussion

of
the

M
odel

�

very
naturalID

E
A

:arrive
ata

conceptby
looking

atexam
ples

�

notusing
negative

exam
ples

�

notdepending
on

“helpfulenvironm
ent”

�

quite
“w

eak”

�

very
practical:

X
M

L
D

T
D

s,S
poken

D
ialog

(Telstra)
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K
no

w
n

Facts
on

Langua
g

e
Identification

T
heorem

1
(G

old
1967)

If�

is
superfinite,it

is
notidentifiable.

C
or.2

R
E

G
cannotbe

identified
in

the
lim

it
from

positive
sam

plesonly.

Identifiab
le

Langua
g

e
C

lasses

�

P
attern

languages
(A

ngluin
1980)

�

R
eversible

languages
(A

ngluin
1982)

�

Term
inaldistinguishable

languages
(R

adhakrishnan
&

N
agaraja

1987)

�

F
unction

distinguishable
languages

(F
)

�

...
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A
sim

ple
exam

ple:
k-gram

approac
h

A
quite

“practical”
exam

ple!

F
O
R

e
a
c
h

w
o
r
d

w�

I�

D
O

I
F

� w���

k
T
H
E
N

o
u
t
p
u
t

w

E
L
S
E

F
O
R

e
a
c
h

s
u
b
w
o
r
d

v
o
f

w
o
f

l
e
n
g
t
h

k

D
O

o
u
t
p
u
t


 a� b���

v
 a� b���

Is
this

a
“G

old-style
learner”?
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P
rob

lem
s

w
ith

“heuristics”

1.
notorder

independent

2.
no

“norm
alform

type”
hypothesis

space
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A
“brute-f

orce”
solution

in
the

sim
ple

exam
ple

R
E

s
overΣ

:
lexicographically

ordered

k-gram
learner:

O
n

input

I� �
� w

1 	����	
w

m���

Σ �	

1.
extract

S
 k� ,“the”
k-letter

subw
ords

from
I�

,

2.
output“sm

allest”
R

E
describing

S
 k� .

In
general:

m
ore

“elegant”
solutions

soughtfor!
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A
plethora

of
“form

al
langua

g
e

tasks”

Try
to

characterize
suggested

/used
“heuristics”

for
language

learning
(especially

ofregular
and

ofcontext-free
languages).

W
arning:

som
e

ofthese
tasks

com
e

“in
disguise,”

suggesting

�

generalizators
for

“patterns”
(m

ostly
R

E
-based)

or

�

“X
M

L
D

T
D

s”
(R

E
-based

or
C

F
-based

or
tree

language
based).
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F
unction

D
istiguishability

D
istinguishab

le
F

unctions
&

Langua
g

es

LetF
be

som
e

finite
set.

A
m

apping
f

:T ��

F
is

called
distinguishing

function
if

f
 w� �

f
 z�

im
plies

f
 w
u� �

f
 zu�
for

allu	
w	

z�

T �

.

L�

T �

is
called

f-distinguishable
iff,for

allu	
v	

w	
z�

T �

w
ith

f
 w� �

f
 z� ,w
e

have
zu�

L��

zv�

L
w

henever� w
u	

w
v� �

L.

Language
class:

f-D
L.
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E
xam

ples
for

f-D
istinguishing

F
unctions

&
R

em
arks:

�

f
 x� �

Ter
 x� �
� a�

T���
u	

v�

T �

:uav �

x�

�

(reversals
of)

term
inal-distinguishable

languages

�

f
 x� �

suffix
oflength

k
of

x �
k-reversible

languages

�

f-distinguishing
function

yields
finite

autom
aton

A
f

�

finite
autom

aton
yields

distinguishing
function
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T
he

autom
aton

belonging
to

Ter

/0
a

a

a

b

b
a

b

a b

a b

b
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D
istinguishab

le
A

utom
ata

Let
A �


 Q	

T	

δ	
q

0 	
Q

F �
be

a
finite

autom
aton.

Let
f

:T ��

F
be

a
distinguishing

function.
A

is
called

f-distinguishable
if:

1.
A

is
determ

inistic.

2.
F

or
all

states
q�

Q
and

all
x	

y�
T �

w
ith

δ �
 q
0 	

x� �

δ �
 q
0 	

y� �

q,
w

e
have

f
 x� �

f
 y� .
(F

or
q�

Q
,

f
 q� : �

f
 x�

for
som

e
x

w
ith

δ �
 q
0 	

x� �

q
is

w
ell-defined.)

3.
F

or
allq

1 	

q
2 �

Q
,

q
1 ! �

q
2 ,w

ith
either

(a)
q

1 	
q

2 �
Q

F
or

(b)
there

exist
q

3 �

Q
and

a�

T
w

ith
δ
 q

1 	

a� �

δ
 q
2 	

a� �

q
3 ,w

e
have

f
 q
1 � ! �

f
 q
2 � .
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C
anonical

O
bjects

R
ecall:

the
m

inim
alD

FA
A
 L� �


 Q	

T	

δ	

q
0 	

Q
F �

can
be

described
as

follow
s:

Q �
� u "

1L� u�

P
ref
 L��

w
ith

u "
1L �

� v�

T �� uv�

L� ;
q

0 �

λ "

1L �

L;
Q

F �
� u "

1L� u�
L� ;and

δ
 u "

1L	

a� �

 ua� "

1L
w

ith
u	

ua�
P

ref
 L� ,
a�

T
.

Let
f

:T ��

F
be

a
distinguishing

function
and

let
L�

T �

regular.
A
 L	

f� :
the

stripped
version

ofthe
productautom

aton
A
 L�$#

A
f .

A
 L	

f�

is
called

f-canonicalautom
aton

of
L.
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C
haracterization

T
heorem

T
he

follow
ing

conditions
are

equivalentfor
a

regular
language

L�

T �

and
a

dis-
tinguishing

function
f

:T ��
F

:

1.
L

is
f-distinguishable.

2.
T

he
f-canonicalautom

aton
of

L
is

f-distinguishable.

3.
L

is
accepted

by
an

f-distinguishable
autom

aton.

4.
F

or
allu

1 	

u
2 	

v�

T �

w
ith

f
 u
1 � �

f
 u
2 � ,

u "

1
1

L �

u "
1

2
L

w
hen� u

1 v	

u
2 v� �

L.19



Inferability

F
or

f-D
L

and
som

e
L�

f-D
L,consider

A
 L	

f� �

 Q	

T	

δ	

q
0 	

Q
F �

and
define

χ
 L	

f� �
� u
 q� v
 q�� q�

Q�

%
� u
 q� av
 δ
 q	

a��� q�

Q	

a�

T� 	

u
 q� ,v
 q� being
w

ords
ofm

inim
allength

w
ith

δ �
 q
0 	

u
 q�� �

q
and

δ �
 q	

v
 q�� �

Q
F

.

T
heorem

3
χ
 L	

f�

is
a

characteristicsam
pleofL�

f-D
L

.
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T
he

M
erging

S
tate

A
lgorithm

:
W

here
w

e
start

T
he

prefix
tree

acceptor
P

T
A
 I� � �


 Q	

T	

δ	

q
0 	

Q
F �

of
a

finite
sam

ple
set

I� �

� w
1 	 ���	

w
M ���

T �

is
a

D
FA

defined
as:

Q �

P
ref
 I� � ,

q
0 �

λ
,

Q
F �

I�

and
δ
 v	

a� �
va

for
va�

P
ref
 I� � .

S
tartw

ith
A

0 ,the
stripped

version
of

P
T

A
 I� �$#
A

f !
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S
am

ple
inputs:

ab,
aab

(and
aa)

(B
uilding

P
TA

)

0
a

1

3

b
a

2

4

b

Ter
 0� �

/0,Ter
 1� �

Ter
 3� �
� a� ,Ter
 2� �

Ter
 4� �
� a	

b�
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M
erging

state
algorithm

:

R
ule

ofthum
b:

M
erge

“conflicting
states”

H
ere

f-
I
d
e
n
t

:
M

erge
q

1 	
q

2
ifthey

cause

�

nondeterm
inism

or

�

“backw
ard

f-nondeterm
inism

”.

In
this

w
ay,w

e
geta

chain
ofautom

ata
A

0 	

A
1 	����	

A
t .
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M
erging

final
states

0
a

1

3

b
a

2 4
b

Ter
 2	

4� �
� a	

b�
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M
erging

internal
states

0
a

1 3
b

a

2 4

Ter
 1	

3� �
� a�
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F
orm

al
langua

g
e

peculiarities:
closure

properties

1.
non-closure

is
usually

hard
to

show
for

a
language

class

2.
due

to
its

algorithm
ic

nature,this
is

easy
for

inferable
language

classes.26



E
xam

ple

see
P

roceedings

om
ission

in
literature
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R
egular

P
atterns

F
ix

som
e

alphabetΣ
w

ith &' �
Σ

.

Interpretany
w

ord
over
 Σ%� &��

as
regular

pattern,i.e.,alternatively
read

it

�

as
specialpattern

(w
ith

differentvariables
per &

occurrence)

�

as
specialregular

expression
(w

ithoutunion
and

“proper”
star)
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D
ecision

Trees
over

R
egular

P
atterns

Leaves
labeled+

and ,
,inner

nodes
labeled

w
ith

regular
patterns.

S
uch

a
decision

tree
T

accepts
the

follow
ing

language
L
 T� :

�

If
T

has
only

one
node,then

L
 T� �
Σ �

or
L
 T� �

/0
iflabelis+

or ,

,resp.

�

O
therw

ise,
letα

be
the

labelof
the

root
of

T
,

and
T-

and
T

r
be

the
left

and
rightsubtrees

of
T

.L
 T� �

 L
 α� .

L
 T- �� %
 L
 α� .
L
 T

r��
30
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(
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M
ore

on
R

egular
P

atterns
(Lange/N

esselT
C

S
2003)

�

C
haracterizable

by
decision

lists
over

r.p.

�

U
nknow

n
descriptionalcom

plexity
trade-off

�

language
class

N
O

T
identifiable,B

U
T

�

decision
listr.p.

languages
ofdegree

one
w

hich
contain

a
lim

ited
num

ber
of

nodes
(patterns)

are
identifiable.
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O
utlook

�

A
nalyze

heuristics
and

investigate
the

corresponding
language

classes.

�

U
se

form
allanguage

ideas
to

getlearnable
language

classes.

�

A
re

there
“deeper”

reasons
for

learnability?
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