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Machine Learning in General

- Givenasample M = {(x,y) | x € X,y € Y}
- Findf : X — Y such that f(x) =y, V(x,y) € M
- Predict f(x) forallx € X
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Learning Regular Languages

Let ¥ be an alphabet and let L C >* be a regular language (the target

language)

xo 2 = {0,1}

- Edward F Moore, Gedanken-experiments on sequential machines, 1956
- E. Mark Gold, System Identification via State Characterization, 1972

- Dana Angluin, Learning regular sets from queries and
counterexamples, 1987
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Active Learning

Learner Teacher

learning

algorithm

hypothesis
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Regular Sets and their Syntactic Congruences

Equivalence relation ~; on >* induced by L C >*
u~pviff Y'weX*u-welL &S v-wel

This relation is a right-congruence with respect to concatenation
u ~ vimplies u - w ~ -w for all u,v,w € X*

- [u] is the equivalence class of u

- ¥* /. is the set of all equivalence classes

Theorem (Myhill-Nerode)

The language L is regular iff ~p, has finitely many congruence classes
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Canonical Representation

The minimal automaton for L is A, = (X, Q, qo, 6, F) where

0=/
- qo = [¢]
- ([u],a) = [u-d]

-F={[u:u-ecL}

Ay, is homomorphic to any other automaton accepting L
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Observation Table - 7 = (%, 5,R, E. f)

Learning Languages The L* Algorithm

€ a
€ - +
a + =
b - _
ba | — —
aa | — +
ab | + —
bb | + —
baa | — —
bab | + —

VERIMAG

definition and properties

- S states of the canonical automaton

- The words/paths correspond to a
spanning tree

- R cross- and back-edges/transitions

o e,

® 8 ©
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Observation Table - 7 = (%, 5,R, E. f)

definition and properties

- S states of the canonical automaton
€ a - The words/paths correspond to a
B - F spanning tree
a 4+ = - R cross- and back-edges/transitions
S b L
ba | — —
aa | — +
ab | + —
bb | + —
baa | — —
bab | + —
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observation table hypothesis automaton
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L* Example (= = {q,b})

observation table hypothesis automaton
9 a b
—— ~O——=0
a aF b ¢
b _ Ask Equivalence Query:
aa . counterexample: —ba
o + a o ba —» ais a new distinguishing

string
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L* Example (= = {q,b})

observation table hypothesis automaton
£ a
€ - +
a T =
b _
aa | — + Ask Equivalence Query:
ab | + -
ba - = True
bb | + —
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VERIMAG

Laguages over Large Alphabets

Traditionally automata theory is flat, based on small alphabets,
e.g. {a,b}

In verification, for example, we have sequences over a huge
state-space like B" for very large n

Or we want to have languages over numbers or vectors
We use symbolic automata with a modest number of states

We do not want to enumerate all transitions but represent them
symbolically using predicates on the alphabet

We will use inequalities (intervals) for numbers or Boolean
functions for Boolean vectors
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Symbolic Automata

[0, 50), [70, 100)
@:3 asi,ass

) [50, 70)
— asn

ap; [0.10)

a
[10, 30)

A= (2,5,4,0.0,q0. F)
- QO finite set of states,
- qo initial state,
- F accepting states,
- X large concrete alphabet,
-5COx2Ex0Q
- X finite alphabet (symbols)
- Y X —=32,q9€0

lao1] = [0, 50) ¥ =[0,100) C R
[a] = {a € = | ¥(a) = a} A is complete and deterministic
ifvg € O {[a] | a € =}
w=20-40-60 + forms a partition of ¥
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Learning using Evidences and Representatives

Let X be a subset of R

- To characterize continuations of u, ask queries
about u - a for a finite sample of ¥ (evidence)

- Evidence can be a fixed set, random, or a result
of binary search
- Form evidence compatible partitions

N - All evidences within a partition block
— behave the same

[a] fi(a) p 2@ [b] - Estimate boundaries using split, binary
evidences search,. ..
wu-a) = {(a) - d | d € [a]} - Associate a symbol to each partition block
representatives - Choose one evidence as the representative for

fi(u - a) = fi(u) - ia) each new symbol
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Symbolic Observation Table - T = (%, 2,8, R, v, E.f, i, 1)

Q

aj
a

VERIMAG

aas
aay
aas
arae

- Prefixes are symbolic words

- Symbols represent sets of letters (“fat” edges)

- Suffixes are concrete words (distinguish states)

- Fill in the table according to the representatives

as aq

ay N

/ @ \
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Symbolic Observation Table - T = (%, 2,8, R, v, E.f, i, 1)

- Y = {ts}ses, Y5 1 ¥ — Xy semantics
- [a]l = {a € X | ¥(a) = a}

S a W — - prd = 2% evidences

- p(e) = {e}, puls -a) = fi(s) - p(a)

a - —

aas] + — - [ EA—> by rfipresentatAive )

aad — + - fie) =, A(s - a) = ju(s) - i(a)

aas| — — -f:(SUR)-E— {—,+} classif. function
aag + — - f(s-e) =f(ils) - €).fs(e) =f(s - €)
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Counter-example Treatment (Symbolic Breakpoint)

Proposition

If w is a counter-example to Ag then there exists an i-factorization of w such
that either

F(i(siz - ai) -vi) # f(lsi) - vi) )

F(ilsiz1) - ai-vi) # f(fu(si=1) - flai) - vi) @

e If (1), then v; is a new distinguishing word vertical expansion
- Table not closed — new state
e If (2), then g; is a new evidence for a;. horizontal expansion

- Evidence incompatibility — new transition / refinement
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Counter-example Treatment (Symbolic Breakpoint)

Letw=ai----a;---a), = ui - a;-v;)be a counter-example.

flalsizr - ai) - vi) # f(fa(s:) - vi)

Si = 6(6,14,‘ . a,-)
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Counter-example Treatment (Symbolic Breakpoint)

Letw=ai----a;---a), = ui - a;-v;)be a counter-example.

flalsizr - ai) - vi) # f(fa(s:) - vi)

Si = 6(6,14,‘ . a,-)

s-a;isa
N new state
filui) \
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Counter-example Treatment (Symbolic Breakpoint)

Letw=ai----a;---a), = ui - a;-v;)be a counter-example.

FGi(sizr - ai) - vi) # f((si) - i) F(a(si=n) - ai - vi) # f((si-1) - fi(ai) - vi)

Si = 6(6,14,‘ . a,-)

s-a;isa

ﬂ(ui) new state
fu(ui
ll(ai)(f i, v ﬂ("ﬂ ia;)

\_/
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Counter-example Treatment (Symbolic Breakpoint)

Letw=ai----a;---a), = ui - a;-v;)be a counter-example.

f(a(si=1) - ai-vi) # f(i(si-1) - f(ai) - vi)

Si = 6(6,14,‘ . a,-)

flalsizr - ai) - vi) # f(fa(s:) - vi)

s-a;isa
N state
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Learning with a Teacher

: p )
a' atl .
H—.—.— 3
-
error in the partitions

- Equivalence is checked by an oracle (teacher) returning a
minimal counter-examples (in length and lexicographically)

- Choose as evidence the min element of the interval (3 has min)

- The counter-example indicates the minimal element of a new
transition (in horizontal expansion)

- The partition bounds are exact and no error is introduced

fa] P 0]
4 b
fi(a) a(b)
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
6 £
I3 — lao] = [1,100)
1
ao
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
C b
6 £ >
€ — lao] = [1,100)
1
a + <

VERIMAG O Maler - IE Mens 17/22



Learning Languages The L* Algorithm Learning over Large Alphabets Learning with/without a Teacher Conclusions

Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
€ £ — : }—»2
5 — [ao] = [1, 100)
1
a + <
T R lai] = [1, 100)
aoay
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
b

I 6 0=

€ — lao] = [1,100) -

1

a + <
—d 1T T lai] = [1, 100)

apay |

Ask Equivalence Query:
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

hypothesis automaton

observation table semantics
S ; —~O0—0O
5 = [ao] = [1, 100) -
1
a + ¢
—d 1T T [a] = [1, 100)
apay —

Ask Equivalence Query:
counterexample — 24

24 € [ag] but 1 £ 24

— refine ap
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
€ = lao] = [1,24)
1 [as] = [24, 100) =
a + ao
1 1 = [1, 100
apay — [a1] = [1, 100)
24
a Ask Equivalence Query:

counterexample — 24

24 € [ap] but 1 % 24

— refine ag

VERIMAG O Maler - IE Mens 17/22



Learning Languages The L* Algorithm Learning over Large Alphabets Learning with/without a Teacher Conclusions

Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
€ = lao] = [1,24)
1 [as] = [24, 100) =
a + ao
1 1 = [1, 100
apay — [a1] = [1, 100)
24
a - Ask Equivalence Query:

counterexample — 24

24 € [ap] but 1 £ 24

— refine ag
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
& = fao] = [1,24) =
1 [a>] = [24, 100) 124, 100)
a + ap ’
1 1 = [1, 100
apay — [a1] = [1, 100)
24
ap - Ask Equivalence Query:
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table

a +
11
aopay
24

VERIMAG

semantics
£
[ao] = [1,24)
[a2] = [24, 100)
ao
[a1] = [1, 100)

O Maler - IE Mens

hypothesis automaton

~@20

b
[24, 100)

Ask Equivalence Query:
counterexample + 1 - 66

66 € [a;] but 1 o 66

— refine a;
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Example with Teacher (= = [1,100))
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observation table

a +
11
aopay
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1 66
aoas
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semantics
&
[ao] = [1,24)
[a2] = [24, 100)
ap
[a] = [1, 66)

fas] = [66, 100)
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ROSE¥O
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Ask Equivalence Query:
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66 € [a;] but 1 o 66
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
c B [1,24) 66, 100)

& = laol = [1,24)

1 fe2] = {24, 100) [24, 100) e

a + a '

1 1 ] = [1,66)

aoay - = [66, 100

o la3] = [66, 100)

ap - Ask Equivalence Query:

1 66

apaz | +
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
1,24 66, 100

L 6 OSLNO X

€ _ lao] = [1,24)

. [aa] = [24, 100) [1, 66)

do + g 24, 100)

0

1 1 1] = [1, 66)

wren | = [66, 100

i la3] = [66, 100)

ap - Ask Equivalence Query:

al 26 + counterexample — 24 - 1

043

14241 — add
distinguishing suffix 1
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
1,24 66, 100

e 1 e . [1,24) )
& = lao] = [1,24)
. [aa] = [24, 100) [1, 66)
do + g 24, 100)

0

1 1 1] = [1, 66)
wren | = [66, 100
i [a3] = [66, 100)
ap - Ask Equivalence Query:
al 26 + counterexample — 24 - 1
043

14241 — add
distinguishing suffix 1
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
1,24 66, 100

SRT OSLNO X
€ -+ lao] = [1,24)
. [aa] = [24, 100) [1, 66)
do + - a 24, 100)

0

1 1 [a] = [1,66)
apay | — = [66, 100
o [a3] = [66, 100)
ap - Ask Equivalence Query:
al 26 + - counterexample — 24 - 1
043

14241 — add
distinguishing suffix 1
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
c 1 . . [1,24) 66, 100)
€ — 4 lao] = [1,24)
1 [a2] = [24, 100) [1,66)
a + — ay
24
& . [a] = (1. 66) 24, 100)
[a3] = [66, 100) °
11
aopay -+ (2 .
1 66 Ask Equivalence Query:
aopas + = counterexample — 24 - 1

14241 — add
distinguishing suffix 1
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
c 1 B . [1,24) 66, 100)

€ — 4 lao] = [1,24)

1 [a2] = [24, 100) {1, 66)
a + — ay

24
& - [a] = (1. 66) 24, 100)
[a3] = [66, 100) °

11
U - T az Ask Equival

1 66 Lo faa] = [1,100) sk Equivalence Query:
aopas counterexample — 24 - 1
24 1
axaq 14241 —3 add

distinguishing suffix 1
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
c 1 B . [1,24) 66, 100)

€ — 4 lao] = [1,24)

1 [a2] = [24, 100) [1,66)
a + — ay

24
& - [a] = [1,66) 24, 100)
[a3] = [66, 100) °

11
U - T a2 Ask Equival

1 66 Lo faa] = [1,100) sk Equivalence Query:
aopas counterexample — 24 - 1
24 1 o -
axaq 14241 —3 add

distinguishing suffix 1
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
e 1 B . [1,24) 66, 100)

5 — 4 fao] = [1,24)

1 la] = [24, 100) (1, 66)
a + — ay

24
a = = ] = [1,66) (24,1000
la3] = [66, 100) °

11
U -7 “ Ask Equival

1 66 Lo faa] = [1,100) sk Equivalence Query:
aopas counterexample — 24 - 1
24 1 - o
a2a4 14241 —3 add

distinguishing suffix 1
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
1,24 66, 100
e 1 e R (1, 24) )
€ =  4F lao] = [1,24)
1 laz] = [24, 100) (1, 66)
a aF — o
24
az - = [a] = [1,66) [24, 100)
las] = [66, 100) ° .
11
apai _ + a - .
o 4+ — [as] = [1, 100) sk Equivalence Query:
apasz
24 1
aay - -
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics
e 1 £
& — 4 laol = [1,24)
1 [a2] = [24, 100)
a + — ay
24
a - — la\] = [1,66)
— [as] = [66, 100)
aoal - + a
alogg + - [as] = [1,100)
24 1
amay | —
VERIMAG O Maler - IE Mens

hypothesis automaton

[1,24) 66, 100)

[1,66)

[24, 100)
:

Ask Equivalence Query:
+24-51

counterexample
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics
e 1 £
& — 4 laol = [1,24)
1 [a2] = [24, 100)
a + — ay
24
a - — la\] = [1,66)
— [as] = [66, 100)
aoal - + a
alogg + - [as] = [1,100)
24 1
amay | —
VERIMAG O Maler - IE Mens

hypothesis automaton

[1,24) 66, 100)

[1,66)

[24, 100)
:

Ask Equivalence Query:
+24-51

counterexample

51 € [as] but 1 £ 51

— refine ay
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
e 1 e . [1,24) 66, 100)
€ - + [aol = [1,24)
1 [a2] = [24, 100) 1, 66)
a + - @
24
ap - - [a1] = [1, 66) [24, 100)
[a3] = [66,100) ° [1,51)
11
apay - + a O
o fos] = 1,51 sk Equivalence Query:
aods — counterexample  + 24 - 51
[as] = [51, 100)
24 1
S84 - 51 € [Jay4] but 1 £ 51
2451 las] but 1 o4
a2as — refine a4

VERIMAG O Maler - IE Mens 17/22
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
e 1 e . [1,24) 66, 100)
€ — 4 lao] = [1,24)
1 [a2] = [24, 100) [1, 66)
a + - @
24
ap - [ai] = [1,66) [24,100)
[a3] = [66,100) ° [1,51)
11
apay - + a P
1 66 + - faa] = [1,51) sk Equivalence Query:
aods — counterexample  + 24 - 51
[as] = [51, 100)
24 1 . _
ZZ‘:? 51 € Jag] but 1 £ 51
azds T - — refine a4
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
e 1 e . [1,24) 66, 100)
&) — + laol = [1,24)
1 [a2] = [24, 100) 1, 66)
a + - o [51, 100)
24
ap - - [a1] = [1, 66) [24,100)
[a3] = [66,100) ° [1,51)
11
apay - + a P
1 66 + - faa] = [1,51) sk Equivalence Query:
aods — counterexample  + 24 - 51
[as] = [51, 100)
24 1 . _
‘;Ztshl‘ 51 € Jag] but 1 £ 51
azas T - — refine a4
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
e 1 e . [1,24) 66, 100)
&) — + laol = [1,24)
1 [a2] = [24, 100) 1, 66)
a + - o [51, 100)
24
ap - - [a1] = [1, 66) [24,100)
[a3] = [66,100) ° [1,51)
11
apay - + a P
1 66 + - faa] = [1,51) sk Equivalence Query:
aods — counterexample  + 24 - 51
[as] = [51, 100)
24 1 . _
‘;Ztshl‘ 51 € Jag] but 1 £ 51
azas T - — refine a4
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
1,24 66, 100
€ 1 € . [1,24) )
€ - + [aol = [1,24)
1 [a2] = [24, 100) 1, 66)
a + - o [51, 100)
‘%; - [a;] = [1,66) (24, 100)
[a3] = [66,100) ° [1,51)
11
apay | — T @ .
1 66 + [as] = [1,51) Ask Equivalence Query:
9043 B . ; 5’1A 100 True
24 1 [as] [51, )
azay - =
24 51
asas aF —
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
1,24 66, 100
SR @
€ = 4 lao] = [1,24)
1 [az] = [24, 100)
ay + - o [51, 100)
é‘; - - ] = [1,66) (24, 100)
[as] = [66, 100) ° [1,51)
11
apay - + a )
1 66 + [as] = [1,51) Ask Equivalence Query:
doas - = 51 100 True
24 1 las] = [51, 100)
azay -
2451
amas |+ —

M={c,1,24,11,166,241,2451,111,1661,2411,24511}

M| =11, [MQ| =7, |[EQ| =5, |S| =3, |R| =4
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Example with Teacher (= = [1,100))

Teacher returns minimal counterexamples

observation table semantics hypothesis automaton
1,24 66, 100
€ 1 € . [1,24) )
€ - + [aol = [1,24)
1 [a2] = [24, 100)
a + - o [51, 100)
‘%; - [a;] = [1,66) (24, 100)
[a3] = [66,100) ° [1,51)
11
apay | — T a .
1 66 [as] = [1,51) Ask Equivalence Query:
pa— ll4 = 53
9043 * = [51, 100 True
24 1 [as] [51, )
azay - =
24 51
asas aF —

M={1,24,11,166,241,2451,111,1661,2411,24511}
L* over (S NN) — |M| =790, |MQ| = 789, |EQ| = 2, |S| =4, |R| = 396
M| =11, [MQ| =17, |[EQ| =5, |S| =3, |[R| = 4
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Learning without a Teacher
p

at aH»l
H—.—.— 3
-

error in the partitions

Equivalence is checked by testing random words
selected using a probability distribution D

Counter-examples are not minimal
we may have errors in the boundaries

Counter-examples may be missed

terminate algorithm and return hypothesis after (e, ¢, i) random
words have been tested, none of which is a counter-example

The final hypothesis .A is a good approximation of the target
language L with high probability

P(d(L,La) <e)>1-9 (PAC learnability)

VERIMAG O Maler - IE Mens 18722
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton

| e
e |
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton

e |-
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton
| E

€ ‘ — 13 42 68 78 92
‘ filar) fu(az)
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton
| f
27
€ ‘ — 13 42 68 78 92

‘ a(ar) f(az)

VERIMAG O Maler - IE Mens 19/22



Learning Languages The L* Algorithm Learning over Large Alphabets Learning with/without a Teacher Conclusions

Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton
E E
27
€ — 13 42 68 78 92
13 fi(ar) fi(a2)
aj +
68
ar -
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton
E E
27
€ — 13 42 68 78 92
13 fi(ar) fi(a2)
aq +
68
a _
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton
| E
27
€ — 13 42 68 78 92
13 . ey
ai 4 f(ar) Ai(az)
68 &
a) —
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton
| E
27
€ — 13 42 68 78 92
13 . ey
ai 4 f(ar) Ai(az)
68 &
a) —

2 18 26 46 54

A(az)
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton
E E
27
€ — 13 42 68 78 92
a + ) (@)
68 a
a _
13 18 2 18 26 46 54
a3 fi(ay)
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton
E E
27
€ — 13 42 68 78 92
a + ) (@)
68 a
a _
13 18 2 18 26 46 54
a3 fi(ay)
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton
(C: €
27
€ — 13 42 68 78 92
o + far) @)
68 a;
a —
13 18 2 1826 4654
aas | — 7@7) - Ask Equivalence Query:
3

counterexample — 12 - 73 - 11
add distinguishing string 11

— new state
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton
e 11 z
27
€ — 13 42 68 78 92
o + far) @)
68 a;
a) —
13 18 2 1826 4654
aas | — 7@7) - Ask Equivalence Query:
3

counterexample — 12 - 73 - 11
add distinguishing string 11

— new state
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton
e 11 z

€ = = 3 a 68 78 92

o + - far) @)

68 a;

a) — -

1318 2 1826 4654

ajaz | — + 7@7) - Ask Equivalence Query:

3

counterexample — 12 - 73 - 11
add distinguishing string 11

— new state
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton

e 11 G
€ = 4 3 a 68 78 92
o + - @) (@)
CEES -
318 2 1826 4654
ayas - + -~ - Ask Equivalence Query:

(a3)
counterexample — 12 - 73 - 11
a

add distinguishing string 11

— new state
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton
e 11 g
27
€ - 4+ 13 4 68 78 92
},i + - Aar) i)
68 o . a
a
13 18 2 18 26 46 54
— s 0o
a3 fi(ay)
a
17 27 6472 9%
f(ay) f(as)
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton
e 11 g
27
€ - 4+ 13 4 68 78 92
a + - ) (@)
68 o . a
a
13 18 2 18 26 46 54
— + ——————0—
a3 fi(ay)
a
45
17 27 6472 9%
f(as) f(as)

VERIMAG O Maler - IE Mens 19/22
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton
e 11 g —
€ - 4+ n 7w 68 78 92 -
a + - filar) ) *22
68 o
a) — _
13 18 2 18 26 46 54
— + —————0—
o163
ajay o
68 72 45
axas 1727 | 472 9%
f(ay) f(as)

VERIMAG O Maler - IE Mens 19/22
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton

€ - 4+ 13 4 68 78 92

ai b = alar) fi(az)

13 18 2 18 26 46 54

A(as)

— 45
ajras + 17 27 ° 64 72 94

f(ay) aas)
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton

€ - 4+ 13 4 68 78 92

a, SN iar) @) r22

13 18 2 18 26 46 54

= — @®o— oo
a@1as3 Aas)

— 45
aras + 17 27 ° 64 72 94

f(ay) aas)

VERIMAG O Maler - IE Mens 19/22



Learning Languages

The L* Algorithm

Learning over La

ge Alphabets Learning with/without a Teacher Conclusions

Example without Teacher (= = [1,100))

observation table

VERIMAG

2

Counterexamples are not minimal

semantics hypothesis automaton

18 26

A(az)

17 27

f(ay)

42 68 78 92

f(az) X245

° x < 45
46 54

45
64 72 94

aas)

O Maler - IE Mens 19/22
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton

e 11 : —()=7

27

IS — + 13 42 68 78 92 S
@ + - @) (@) x2 45
08 — — a; x>27
az ° x < 45
1318 2 1826 4654
aias - + N .
R f(a3) Ask Equivalence Query:
aay - — o counterexample — 12-73 .11
68 72

4L = 45
azas 17 27 6472 94 add 73 as evidence of a;

A(ag) fA(as)
—— new transition
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton

e 11 : —()=7

27

IS — + 13 42 68 78 92 S
@ + - @) (@) x2 45
08 — — a; x>27
az ° x < 45
1318 2 1826 4654 73
ayas -+ N .
R f(a3) f1(ag) Ask Equivalence Query:
aay - — o counterexample — 12-73 .11
68 72

4L = 45
azas 17 27 6472 94 add 73 as evidence of a;

—— new transition
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton

e 11 : —()=7

27

IS — + 13 42 68 78 92 S
@ + - @) (@) x2 45
08 — — a; x>27
a 63 ° x < 45
1318 2 1826 4654 | T3
aasz - + o T .
R f(a3) f1(ag) Ask Equivalence Query:
aay - — o counterexample — 12-73 .11
68 72
aas |+ — 7 Y an e

add 73 as evidence of a;

—— new transition
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton
<27
e 11 : — ()=
27
IS — + 13 42 68 78 92 S
@ + - @) (@) x2 45

68 o x> 27

a2 _ _ 63 ° x < 45
1318 2 1826 4654 | 73

aas -+

1373 fifas) Ai(as) Ask Equivalence Query:
aiag + - @ counterexample — 12-73 - 11
68 17

a2a4 _ 7 6472 ol add 73 as evidence of a|
68 72 - -

aas | + — f(as) fi(as)

—— new transition
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton

c 1 1 e N x <27 x > 63
€ — 4+ 3w 6878 92
},i + - fitar) @) o> 45
68 o x> 27

az - 63 ° x < 45
1318 2 1826 4654 | T3

ajaz _ +

1373 Lo A(as) f(ag)
ajag o

68 17 .

aay - 17 27 . 6472 94
68 72 — & - -
aas < - flay) alas)
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton

e 11 € . x <27 x > 63
£ = R * 42 68 78 92
t‘,i + - Aar) i) x> 45
68 @ x>27
a2 B B ° x < 45
1318 o 2 1826 465
aa — PN
' ; 7; fi(a3) filas) Ask Equivalence Query:
ajag |t~ ™ counterexample — 52 - 47
68 17
‘;82"113 — &z uz ol add 47 as evidence of a;
aras + - f(as) f(as)

— refine existing transition
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton

e 11 € . x <27 x > 63
£ = R * 42 68 78 92
t‘,i + - Aar) i) x> 45
68 @ x>27
a2 B B ° x < 45
1318 o 2 1826 465
aa — PN
' ; 7; fi(a3) filas) Ask Equivalence Query:
ajag |t~ ™ counterexample — 52 - 47
68 17

= = 45
‘;82"113 _ T 41 e ol add 47 as evidence of a;
aras + - f(as) f(as)

— refine existing transition
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton

e 11 € . x <27 x > 63
£ = R * 42 68 78 92
t‘,i + - Aar) i) x> 45
68 @ x>27
a - -

63 ° x< 45

1318 2 1826 4654 | 73
aa -t VPN +
' ; 7; fi(a3) filas) Ask Equivalence Query:
ajag |t~ ™ counterexample — 52 - 47
68 17 e

— — 35
‘;82"113 _ T e e ol add 47 as evidence of a;
aas + - fi(as) i(as)

— refine existing transition
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton

c 1 1 e N x <27 x > 63
€ — 4+ 3w 6878 92
a + - ) a2) x2S
68 o x>27

a - P ° x < 55
1318 2 1826 4654 | 73

ajaz _ +

1373 N B A(as) f(ag)
ajae -

68 17

aay - v 4 e o
68 72 N N -
aas < - flay) alas)
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Example without Teacher (= = [1,100))

Counterexamples are not minimal

observation table semantics hypothesis automaton

c 1 1 e N x <27 x > 63
€ — 4+ 3w 6878 92
a + - ) a2) x2S
68 o x>27

a - P ° x < 55
1318 2 1826 4654 | 73

ajaz _ +

fifa3) A(as) Ask Equivalence Query:
1373 | L _
aiag -
68 17
amay | 77 @ e o
68 72 N N -
aas < - flay) alas)
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Conclusions
Computing the Error
. et
\ e The error of the hypotheses along
s several runs of the algorithm

The error is measured as volumes of the symmetric difference £ between the
conjectured and the target language
error = D(L) = limy_inr Di (L),
where Dy (L) is the k-volume of L, i.e., Dy(L) = V(Ly)/V(Zk)
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Current Status

- We implemented the algorithm for the case ¥ C Rand ¥ C N
with and without a teacher

- Experimental results on password rules over ASCII charcters
- We developed a similar algorithm for > = B” for large n

- We use bounded complexity alphabet partitions in the style of
k-DNF or decision lists

- First results are encouraging, will be used to extend to > C R”
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Discussion

- Symbolic automata: concrete values are used to select a
transition but their exact value is not remembered by the
automaton

- Is there a niche for it in the time series analysis science?
- Combination of temporal (automaton) and static concept learning
- Can be an alternative to (deep) recurrent neural networks

- Should relax full compatibility with the sample (noise) and be
ready to drop negative examples
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Discussion

- Symbolic automata: concrete values are used to select a
transition but their exact value is not remembered by the
automaton

- Is there a niche for it in the time series analysis science?

- Combination of temporal (automaton) and static concept learning
- Can be an alternative to (deep) recurrent neural networks

- Should relax full compatibility with the sample (noise) and be

ready to drop negative examples

Thank you
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