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I Substitutable Context-Free Languages

e Clark and Eyraud (2005, 2007)
e Substitutability: for any strings x1, y1, 21, 2, Y2, 22,

T1Y121,L1Y221,L2Y122 €E L =— T2ys22 € L

e Example:

¢ John loves Mary, John hates Mary, a boy loves chocolate
— a boy hates chocolate

¢ the man died, the man ordered dinner,
the man who was hungry died
—> the man who was hungry ordered dinner

¢ aboy was hungry
— the man who loves chocolate ordered dinner

|
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I Substitutable Context-Free Languages

e Natural languages

e Subclass of CFLs that is
efficiently identifiable in the limit from positive data

e Analogy with reversible languages (Angluin 1982)
¢ Zero-reversible languages:

T1Y1, T1Y2,x2y1 € L — 2y € L
¢ Substitutable languages:

T1Y121,L1Y221, L2Y122 €E L =—> T2ys22 € L

|
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I Reversibility Hierarchy and Substitutability

e k-reversible languages:

T1VY1, L1VY2,L20Y1 € L — x2vys € L

if |lv| = k.

e Substitutable languages:
T1Y121, L1Y221, L2Y122 € L =—> Tay222 € L

e k-substitutable languages?

|
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I A-free Context-Free Grammars

e 3! alphabet, A: empty string,
¢ v,u,w,x,yY, z. Strings over X
e L C X*:language
e CFGG = (3,V,P,S)
32: terminal symbols
V. nonterminal symbols (V N ¥ = 2)
P C V x (X UV)T: production rules (\-free)
S € V: start symbol
LG)={weX|S=>Lw}
|G| = ZA—>04€P | Ac|

® & & o oo o
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I Identification in the Limit from Positive Data

Strings from the target : w; w2 w3z wy ... € L(G.)
R A
A : Learner
R A

Conjectures by the learner: G1 G2 G3z Gy

e learning algorithm: A

e learning target: L(G.)

e positive data: (wi,ws,...) suchthat L(G,.) = {w; |1 € N}
e conjecture: G,,, = A(w1, ..., Wy,)

e convergence: Ing eNVm >ng |G, = Go,)

o A identifies G in the limit from positive data iff

for any positive data of any G, € G,
A converges to a grammar G,,, with L(G,,,) = L(G.).



I Identification in the Limit from Positive Data

Strings from the target : w; w2 w3z wy ... € L(G.)
R A
A : Learner
R A

Conjectures by the learner: G1 G2 G3z Gy

— Polynomial Identification —
e Polynomial Time
+ Computation of G, is done in poly-time in >~ . |w;|
e Polynomial Characteristic Set K¢, = {x1,...,xx} C L(G.):
¢+ whenever K¢, C {wi,...,w,}, Aconvergesto G,,, = G,

¢ |Kg,| = kis bounded by a polynomial in |G .||
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I k, l-Substitutable Languages

e k,l-substitutability: for any strings x4, z1, 2, 22, Y1, Y2, v, u € X*,
T1VY1UZ1, L1VY2UZ1, T2VY1U2Z2 € L  —  xavysuzge € L

if |v| =k, |lu| =1 and vy u, vy2u # .
e 0, 0-substitutability = substitutability by Clark and Eyraud (2007)
o (k,1)-SUB C (m,n)-SUBIiff k < mandl < n.

e k-reversible languages:

T1VY1, L1VY2,T20Y1 € L — vy, € L

|

if |v| = k.



3. Learning Algorithm for
k., [-Substitutable Context-Free
Languages

|



I Learning Target

e Qur learning target is the class of languages that are
¢ k,l-substitutable and
¢ context-free
for each k, 1.

e Hereafter we fix nonnegative integers k and l with (k,1) # (0, 0).

|



I Learning Algorithm k, [-SGL

let G be a CFG generating the empty language;
forn =1,2,... do
read the next string w,,;
if w, € L(G)
then for K = {wq,...,w,}, let G = (=, Vk, Pk, S) where
Vk ={ly]l |zyz € K, y # A} U{S},
Pk ={S—[w]|weK}
UL [xy] — [][y] | [xy], [z], y] € VK }
U{[a] wa|aeX}

U { [vyu] — [vy'u] | zvyuz, zvy’uz € K, |v| =k, |[u| =1};

|

end if
output G;
end for
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I Example Run

Letk =1 =1and K = {ab, aabb}.

Vik = {S, [a], [b], [aa], [ab], [bb], [aab], [abb], [aabb]}

Py = {S — [ab], S — [aabb],

([aabb] — [aab][b], [aabb] — [aa][bb], [aabb] — [a][abb],

aab] — |aa][b], [aab] — [a][ab], [abb] — [ab][b], [abb] — |a][bb],
aa] — [a][a], [ab] — [a][b], [bb] — [b][D],

a] — a, [b] — b,

laabb] — [ab], [ab] — [aabb] }

S = [aabb] = [a][abb] = [a][ab][b] = [a][aabb][b] = aaabbb

L(G)={a™b" |n>1} I
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G ... target grammar generating a k, I-SCFL
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e L(Gk) C L(G,) always.

e L(Gk) is not necessarily k, I-substitutable.
¢ Example: kK =1,1 =0, K = {a, ab, abbc}

abbc € L(G,) — abc € L(G,) — ac € L(G,)
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e L(Gk) C L(G,) always.
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I Convergence

G ... target grammar generating a k, I-SCFL
Gk :outputon K C L(G,)

e L(Gk) C L(G,) always.

e L(Gk) is not necessarily k, I-substitutable.
¢ Example: kK =1,1 =0, K = {a, ab, abbc}

abbc € L(G,) — abc € L(G,) — ac € L(G,)
S C? [abbc] = [ab][bc] = [a][bc] #& [ab][c] = [a][c]

e We will present a characteristic set K¢, of a k,I-SCFL L(G.):
Ke. CK = L(G.) C L(Gk).

|



I k, l-Greibach Normal Form

e G = (3,V,P,S)isin k,l-GNF if every rule has the form either
¢ A wwithw € XSkt _ fX} or
¢ A—-zBzwithzeXF 23X, e Vvt.

e 1,0-GNF = Standard Greibach normal form

e 1,1-GNF = Double Greibach normal form

Theorem:
Every CFG has an equivalent CFG in k,I-GNF G = (3, V, P, S) of
polynomial size with P C V x (Z<k+tly xkys2xl),
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I k, l-Greibach Normal Form

e G = (3,V,P,S)isin k,l-GNF if every rule has the form either
¢ A wwithw € XSkt _ fX} or
¢ A—-zBzwithzeXF 23X, e Vvt.

e 1,0-GNF = Standard Greibach normal form

e 1,1-GNF = Double Greibach normal form

Theorem:
Every CFG has an equivalent CFG in k,I-GNF G = (3, V, P, S) of
polynomial size with P C V x (Z<k+tly xkys2xl),

—— Learning target is in k, [-GNF.

|



I Characteristic Set (1)

LetG = (32, V, P, S) be in k,I-GNF,
Foreachrule A — y withy € X*,

A

N




I Characteristic Set (1)

LetG = (32, V, P, S) be in k,I-GNF,
Foreachrule A — y withy € X*,

/5\
T A A <A
/y\

xAayza € Kg,wWhere xa,z4 € X* are shortest.



I Characteristic Set (2)
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I Characteristic Set (2)

LetG = (32, V, P, S) be in k,I-GNF,
For each tuple of rules A — vBy...B,uand B; — B;fort =1...n
which forms a tree of height 2,

L A A \ <A

u » height 2

Wn,

TAVWY ... Wuza € Kg,wWhere xa, za4,wq1,...,w, € X* are shortest.

o |[Kg| <|P|"t!'wheren =max{|8|| A — vBuec P} <2, I



I Example

E=1=1.
G: §S—aSe, S— b
L(G)={a™bc™ | n >0}
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kEk=1=1.
G: §S—aSe, S— b
L(G)={a™bc™ | n >0}

S S S
b a S c a S C > height 2
/\ )
b a S ¢
b

Kg = {b, abc, aabcc}

S = [abc] = [aabcc] = [a][abc][c] = [a][aabed][c] = - - -

e
aabcc € K is necessary, as {b, abc} is a 1, 1-SCFL too. _I



I Proof

Ka={yeX¥|A—-yecP}
J{vB1i...0hu€E*|A—vB;...Byu,B; — 3; € P}

where a@ = min{ w € 3* | a:;ww}fora c (T UV)*,

(KG = U mAKAzA).
AeV

Lemma.
Let A(Kg) = G.VA — vBy...B,u € P,Vw; € Kg,, Jw € K4

N

[w] = v[wq] ... [w,]u.
G



I Proof

Lemma.
Llet A(Kg) = G.VA — vBy...By,u € P,Vw; € Kg,, 3w € K4

[w] = v[wq] ... [wy]u.
G

Proof. Let 3; be such that B; = 8; = w;. v01 - .. Bnu € Ka. Let
J={i|w; #Bi}.
For each i € J, we have 8; = v;yju; and w; = v;y;u; for some v; € X,

u; € Xt and Vi, Y. € X*. Then z,v;y.u;2i, ©;v;y;u2; € Kg for minimal
x;, z; such that S =% z; B;z;. [viyiu;] — [viyiu;] € Pk. Thus

[vB1 ... Bnul ? v[B1]... [Bnlu = v[wi]... [wn]u QED. I



I Polynomial Identifiability of k&, [-SCFLs

Proposition:

For any CFG G generating a k, [-substitutable languages,
and any input K such that K¢, C K,
we have L(Gk) = L(G,.) for Gk the output by the algorithm on K.



I Polynomial Identifiability of k&, [-SCFLs

Proposition:

For any CFG G generating a k, [-substitutable languages,
and any input K such that K¢, C K,
we have L(Gk) = L(G,.) for Gk the output by the algorithm on K.

e Computation of G Poly-time in | K|| = Y, cx |wl,



4. Summary and Future Work

B
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I Summary and Future Work

Summary

e k,l-substitutable CFLs <= k-reversible regular languages

¢ |dentifiable in the limit from positive data with polynomial-time and data
Future Work

e Grammatical characterization of k,1-SCFLs (k, I-GNF ?)

e Results on k-reversible regular languages
—> Analogous results on k, I-SCFLs

¢ k-reversible closure of a finite language is always regular,
but k, l-substitutable closure of a finite language can be

non-context-free.



I —

Thank You
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