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Abstract. Recently Clark and Eyraud (2005, 2007) have shown that
substitutable context-free languages are polynomial-time identifiable in
the limit from positive data. Substitutability in context-free languages
can be thought of as the analogue of reversibility in regular languages.
While reversible languages admit a hierarchy, namely k-reversible regu-
lar languages for each nonnegative integer k, Clark and Eyraud targeted
the subclass of context-free languages that corresponds to zero-reversible
regular languages only. Following Clark and Eyraud’s proposal, this pa-
per introduces a hierarchy of substitutable context-free languages as the
analogue of that of k-reversible regular languages and shows that each
class in the hierarchy is also polynomial-time identifiable in the limit
from positive data.

1 Introduction

Efficient learning of context-free languages is a topical issue on grammatical
inference (see e.g. de la Higuera [12], Lee [I8]), but not many techniques are
known to be applicable to identification in the limit from positive data of non-
regular subclasses of context-free languages, in comparison with subclasses of
regular languages (see e.g. Lange et al. [I7]). Recently Clark and Eyraud [6,[7]
have shown that substitutable context-free languages are polynomial-time iden-
tifiable in the limit from positive data. Their work is remarkable among other
achievements on learning context-free languages in several regards. One is the ef-
ficiency of the learning algorithm. Their algorithm for substitutable context-free
languages runs in time polynomial in the size of the given data and it admits a
set of positive examples of polynomial cardinality in the description size of the
target grammar on which the conjecture converges to the target language. The
second virtue is that the notion of substitutability can explain an aspect of nat-
ural language phenomena, which meets the very first motivation of grammatical
inference [9]. A language L is said to be substitutable if and only if

T1Y121,T1Y221, L2Y122 € L implies TolY222 € L

for any strings x1,y1, 21, T2, Y2, 22. From the point of view of formal language
theory, substitutability of context-free languages can be thought of as the ex-
act analogue of zero-reversibility in regular languages. Angluin [I] introduced
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the hierarchy of k-reversible languages for nonnegative integers k and showed
polynomial-time learnability of k-reversible regular languagesEl A language L is
k-reversible if and only if

T10Y1, T1VY2, T2vy1 € L implies xovys € L

where the length of v is k. As the literature has paid much attention to reversible
regular languages and their variants and obtained many fruitful results (e.g., [2,
T4 T6LTHT3ITO2TL23]), the close relation of substitutable context-free languages
to reversible regular languages also seems an advantage of their study. In fact
Clark and Eyraud [7] suggested that one may define for context-free languages
the exact analogue of k-reversibility in regular languages and that such classes
would be still polynomial-time identifiable in the limit from positive data. This
paper answers to those expectations in the affirmative. We call a language L
k,l-substitutable if and only if

T1VY1UZ1, T1VY2UZ1, T2VY1UZe € L implies xovysuzs € L

where the length of v is k and that of w is [. This paper proves that k,I-
substitutable context-free languages are identifiable in the limit from positive
data by a polynomial-time algorithm that is a natural generalization of Clark
and Eyraud’s one.

2 Definitions

We start by some standard notation, most of which follows Clark and Eyraud [7].
Let X be a non-empty finite set. | 2| denotes its cardinality. If z is a finite sequence
consisting of elements of X, it is called a string (over X' ) and |x| denotes its length.
A is the empty string. X* denotes the set of all strings over X, X = X* — {\}
Sh={xeX ||z|=k}, X ={z e X*||z| <k}and X<k = ¥k — Tk,
For x € Y* and a € X, |z|, denotes the number of occurrences of ¢ in z. Any
subset of X* is called a language (over X). If L is a finite language over X, its size
is defined as ||L[| = >, |w|. We shall assume an order < or < on X which we
shall extend to X* in the canonical way by saying that u < v if either |u| < |v| or
|u| = |v| and w is lexicographically before v.

A context-free grammar (CFG) is denoted by a quadruple G = (X, V, P, S),
where X is the finite set of terminal symbols, V', disjoint from Y| is the finite set
of nonterminal symbols, P is the finite set of production rules and S € N is the
start symbol. A production rule in P has the form A — 3 for some A € V and
Be(XUV)T.If A— B e P, we write aAy = afy for any a,y € (Y UV)*.
=, is the transitive closure of = and =, is the reflexive and transitive closure
of = . The subscript G of =, is omitted if it is understood from the context.
The context-free language (CFL) L(G) generated by G is the set L(G, S), where
LG, 0) ={we X* | a=>w)fora € (¥UV)". Two grammars G; and

! Angluin defined k-reversible languages as a subclass of regular languages, while this
paper calls any language satisfying k-reversibility a k-reversible language.
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Go are equivalent iff L(G1) = L(G2). The description size of G is defined as
IGIl = >4 pep(|AB]). A symbol A € YUV is useless in G if there are no

x,y,2 € X¥* such that S = x4z = zyz. A CFG G is reduced iff every A € YUV
is not useless. We assume all grammars to be reduced in this paper. Note that
we do not allow empty right hand side to production rules, and thus any CFLs
dealt with in this paper are \-free.

In the following, terminal symbols will be indicated by a, b, ¢, . . ., nonterminal
symbols by A, B, strings over X by u,v,...,z, and strings over (X U V)* by
Q, /67 Vs 6.

We now define our learning criterion. This is identification in the limit from
text (or equivalently from positive data) as defined by Gold [9]. Let R be any
recursive set of finite descriptions, say CFGs, and £ be a function from R to
non-empty languages over X. A learning algorithm A on R, is an algorithm that
computes a function from finite sequences of strings wy, ..., w, € X* to R. We
define a presentation of a language L to be an infinite sequence of elements
(called positive examples) of L such that every element of L occurs at least
once. Given a presentation, we can consider the sequence of hypotheses that the
algorithm produces, writing R,, = A(w1,...,w,) for the nth such hypothesis.
The algorithm A is said to identify the class L of languages in the limit from
positive data if for every L € L, for every presentation of L, there is an integer
no such that for all n > ng, R, = Ry, and L = L(R,,). For R’ C R satisfying
that L = {£L(R) | R € R’}, one also says A identifies R in the limit from
positive data. For convenience, we often allow the learner to refer to the previous
hypothesis R,, for computing R, 41 in addition to wy,...,w,+1. Obviously this
relaxation does not effect the learnability of language classes. Moreover, learning
algorithms in this paper compute hypotheses from a set of positive examples by
identifying a sequence with the set consisting of the elements of the sequence.

We further require that the algorithm needs only polynomially bounded
amounts of data and computation. De la Higuera’s proposal is to measure the
efficiency by a set of examples on which the learner converges to a representation
of the target language [T1].

Definition 1 (de la Higuera [11]]). A representation class R is identifiable in
the limit from positive data with polynomial time and data if and only if there
exist two polynomials p and ¢ and an algorithm A such that

1. Given a set S of positive examples of size ||S|| = m, A returns a hypothesis
in time p(m),

2. For each representation R € R of size n, there exists a characteristic set C'S
of size less than ¢(n) such that if C'S C S, A returns a representation Ry
such that L(R) = L(Ryp).

The first condition (polynomial updating time) is widely accepted as a neces-
sary condition for efficient learning. On the other hand, the second condition is
somehow unsuitable as a model for efficient learning of CFGs, as this definition
was initially designed for learning of regular languages. Even in a very restricted



Identification in the Limit of k, [-Substitutable Context-Free Languages 269

kind of CFG&E, like very simple grammars [25], the length of a shortest string in
the language cannot be bounded by any polynomial in the size of a grammar.
At present there is no consensus on the most appropriate modification of this
criterion for learning of CcrGs. Several ideas have been formulated to tackle this
problem. Carme et al. [4] count the cardinality |C'S| of a characteristic set in-
stead of the size ||C'S||. Wakatsuki and Tomita [24] have proposed to measure the
complexity of an algorithm dealing with cFas by another parameter 7¢, called
thickness, defined by

7¢ = max{ |w(A)| | A € V' } where w(A4) = min{w € X* | A% w}

where “min” is with respect to <. We will show that our learning algorithm
for k,l-substitutable context-free languages admits a characteristic set whose
cardinality is bounded by a polynomial in the size of the target grammar and
whose size is bounded by a polynomial in the thickness and the size of the target
grammar.

We would like to remark that the notion of characteristic sets by de la
Higuera [T1] differs from that of characteristic samples by Angluin [I]. Let K be
a finite subset of a language L and L a class of languages. We say that K is a
characteristic sample of L with respect to L if it holds that

KCcLiffLcr

for any L’ € L. The definition of a characteristic sample does not depend on any
specific learning algorithm.

3 k,l-Substitutable Languages

Definition 2 (k,l-substitutability). Let & and [ be nonnegative integers. A
language L is said to be k, [-substitutable if and only if for any 1, y1, 21, 2, Yo,
2o € X% v e XF ue X such that vy u, vyou # A,

T1VY1UZ1, T1VY2UZ1, T2VY1UZe € L implies xovysuzs € L.

The notion of substitutability by Clark and Eyraud [7] is exactly 0, 0-substi-
tutability in this paper and the condition vy u, vysu # A is essential only when
k =1 = 0 (otherwise trivially vyju, vyou # X holds). k,l-substitutability says
nothing about strings of length shorter than k + . L U {w} is k, l-substitutable
if and only if L — {w} is for any L C X*, w € X<**! and integers k and .

It is obvious that if a language is k,l-substitutable, then it is m, n-substi-
tutable for any m > k and n > [. It is easy to see that the hierarchy is strict.
For each k,l € N, there is a k,l-substitutable regular language that is m,n-
substitutable if and only if m > k and n > [. If a language is k, 0-substitutable or
0, k-substitutable, then it is k-reversible. Recall that a language L is k-reversible
if and only if for any z1,y1,x2,y2 € X* and v € Ek, T10Y1, T1VY2, T2vy1 € L
implies zovys € L [I].

2 One exception is subclasses of linear grammars.
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Proposition 1. k,l-substitutable languages are not closed under intersection
with regular sets, union, concatenation, complement, Kleene closure (+,%), A-
free homomorphism, inverse homomorphism. k,l-substitutable languages are
closed under reversal if and only if k = 1. k,l-substitutable languages are closed
under intersection and \-free inverse homomorphism.

Proof. Let us say that a pair of strings (called a context) (x,z) is applicable to
y in L if and only if zyz € L.

INTERSECTION WITH REGULAR SETS: Let Lo = ae*ce*aUae*de*aUbe*ce*b and
L1 = LoUbe*de*b. Ly is regular and L4 is 0, O-substitutable. Clearly L1NLy = Lo
is not, k, [-substitutable for any k, I. The context (a,a) is applicable to e¥ce! and
eFde! in Ly, but (b,b) is applicable only to eFcel.

UNION: Let Lo = ae*ce*a U ae*de*a and Lz = be*ce*b. Ly and L3z are both
0, O-substitutable, but the union Lo U Lz = Lg is not k,l-substitutable for
any k,[.

CONCATENATION: Languages Ly = ae*c U ae*d Ub and Ls = e*a U e*ce*d
are 0, 0-substitutable. The concatenation L4Ls is not k,l-substitutable for any
k,l, because (a,a) is applicable to e*ce! and eFde!, but (b, b) is applicable only
to eFcel.

COMPLEMENT: Lg = a*b is 0,0-substitutable, but the complement Lg is not
k,l-substitutable for any k,l, because while (b, \) is applicable to both a*aa’
and a*ba' in Lg, (\,b) is applicable only to a*ba'.

KLEENE CLOSURE: L7 = {a"ba™ | n > 0} is 0,0-substitutable, but neither
L7 nor L% is k,l-substitutable. Let m = max{k,[}. The context (a™,a™* ) is
applicable to ba?™*1b and ba™ba™*1b in L7, but (a™*1 a™) is applicable only
to ba?™t1p in LZ.

A-FREE HOMOMORPHISM: Lg = ae*ce*aUbe*ce*bU fe*de* f is 0, O-substi-tutable.
Let h be the homomorphism that is almost the identify but h(f) = a, i.e.,
h(a) = a, h(b) = b, h(c) = ¢, h(d) = d, h(e) = e, h(f) = a. h(Lg) = Lo is not
k, [-substitutable.

INVERSE HOMOMORPHISM: Lg = a*b is 0,0-substitutable. Let h be such that
h(a) = a, h(b) = b, h(e) = X\. h=*(Lg) is not k,l-substitutable, because (), b) is
applicable to both e*ee! and e*ae! in h='(Lg), but (b, \) is applicable only to

6k66l.

REVERSAL: If L is k, [-substitutable, its reversal L' is trivially [, k-substi-tutable.
It is enough to show that k,l-substitutable languages are not closed under re-
versal for k > 1 > 0. Ly = e*lce* U e~ de* U ae® 'ce*a is k,0-substitutable,
but its reversal L is not I, m-substitutable for any m < k and [. In LE, (A, \) is
applicable to both elce*~! and elde*~1, but (a,a) is applicable only to e'ce*~!.

INTERSECTION: Let L and L’ be k,l-substitutable. If zyvyjuzi,zivysuzy,
Tovyuze € L N L' for some v € Ek, uwe X and vy1u, vysu € X, then those
are in both L and L’. Since L and L’ are k,[-substitutable, zovysuzs is in both
L and L' and thus in LN L'.



Identification in the Limit of k, [-Substitutable Context-Free Languages 271

A-FREE INVERSE HOMOMORPHISM: Let L be a k,l-substitutable language and
h a A-free homomorphism. We denote h(w) by w for readability. If zjvyjuz1,
T1VYauz1, Tovyuze € h~ (L) for some v € X* u € L' and vyu, vyou € T,
then xjvyiuzy, x1vY2uz1, Tovyuze € L. Since L is k, l-substitutable and |v| >
[v| =k, |u| > |u| =1, lvyrul, |[vy2u| > 1, we have xovysuze € L. This entails that
Tovyauze € h71(L). O

We are particularly concerned with k, [-substitutable context-free languages (k, -
SCFLs) in this paper. As Clark and Eyraud [7] conjecture that all 0, 0-SCFLs are
NTS languages (see [22/[3] for the definition and properties of NTS languages),
we conjecture all k,[-SCFLs are NTS too. The simple NTS example {a™b" | n >
1} presented by Clark and Eyraud as a non-0, 0-substitutable language is 1, 1-
substitutable. The class of very simple languages is also an important subclass
of CFLs due to the efficient identifiability in the limit from positive data [25/20].
Clark and Eyraud show that the class of very simple languages and that of 0, 0-
SCFLs are incomparable. It is also the case for k, [-SCFLs. The language generated
by the very simple grammar G consisting of two rules S — aSS and S — b is
not k, [-substitutable for any k, .

We note that Proposition[Il holds of classes of k, [-SCFLs except that k, [-SCFLs
are not closed under intersection.

4 Learning Algorithm for k,l-Substitutable Context-Free
Languages

Let us arbitrarily fix nonnegative integers k and [. Our learning target is the
class of all k,l-substitutable context-free languages (k,l-SCFLs). However we do
not yet have any grammatical characterization of this class. For mathematical
completeness, yet we have to define our learning target by saying that our tar-
get representations are CFGs generating k, [-substitutable languages, though this
property is not decidable. We remark that the class { L | L is a k,I-SCFL for
some k,l € N} is not identifiable in the limit from positive data, because this
class is superfinite modulo A, that is, it contains at least one infinite language
and all the finite languages that do not contain A. Obviously the absence of A
does not effect Gold’s theorem [9] that any superfinite class is not identifiable in
the limit from positive data.

Our learning algorithm for k,[-SCFLs is a natural generalization of Clark and
Eyraud’s original algorithm for 0,0-SCFLs [7]. However we omit the procedure
in the original algorithm that constructs “the substitution graph” where poten-
tial nonterminal symbols that generate the same languages are merged. Though
the procedure is important for making the output grammar more compact, we
present a simpler learning algorithm and a simpler proof for the learnability
instead.

Algorithm [ is our learning algorithm k, [-SGL (k, [-Substitutable Grammar
Learner) for learning k, [-sCFLs. If the new positive example is generated by the
previous hypothesis by k,I-SGL, it keeps the hypothesis. Otherwise, let K be
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the set of positive examples given so far. k,[-SGL computes the following CFG

G = (¥, Vk, Pk, S) defined by

Vi ={lyl [ zyz € K, y # A} U{S},

Py = {|[vyu] — [vy'u] | zvyuz, zvy’uz € K, [v| =k, |u| =1, vyu,vy’u # X}
U{S—[w|weK}
U{[zy] — [=lly] | [zy], [=], [y] € VK }
U{fa] malaecX}.

We note that k, [-SGL is specific to fixed nonnegative integers k and [. In other
words, k and [ are known to k,-SGL a priori.

Algorithm 1. k,[-SGL
Data: A sequence of strings w1, ws, . ..
Result: A sequence of crGgs G1,Ga, ...
let G = cFG generating the empty language;
forn=1,2,... do
read the next string wy;
if w, ¢ L(G) then
let G = (X, Vi, Pk, S) where K = {w1,...,wn};
end if
output G;
end for

This section will establish the following main theorem of this paper.

Theorem 1. The learning algorithm k,[-SGL identifies k,l-SCFLs in the limit
from positive data with polynomial updating time. k,1-SGL admits a character-
istic set K¢ of polynomial cardinality in |G| and of polynomial size in ||G||ta
for the target grammar G.

4.1 Proof That Hypothesized Language Is Not Too Large
First of all we shall show that k,[-SGL never hypothesizes too large a language.

Lemma 1. IfK is afinite subset of a k, l-substitutable language L, then L(G) C L.

Proof. Let () be the homomorphism from (X U Vx — {S})* to X* such that
a =a for all a € ¥ and [w] = w for all [w] € Vg — {S}. We prove by induction
on the length of derivation that S :>g a € (X UVg —{S})* implies a € L.
Suppose that the last rule used in the derivation is of the form S — [w]. Then
[w] = w € K C L by definition. Suppose that S :>g aBy = af~ for some
rule B —  with B # S. The only nontrivial case is when B = [vyu] and
B = [vy'u] for some v € X* u € X! and y,y’ € X*. In this case, there are
x,z € Y* such that xvyuz, xvy'uz € K C L by the definition of G. By induction
hypothesis, we have a By = avyuy € L. Since L is k, [-substitutable, this entails
that avy'uy = affy € L. O
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For some finite language K, G does not define a k, [-substitutable language.

Ezxample 1. Let k =1 = 0 and K = {a,ab,abbc }. Because a and ab occur in
the same context (A, \), if L is a 0, 0-substitutable language including K, then
L is closed under substituting a for ab and we have abc,ac € L by abbc € L.
On the other hand, the output grammar G by the algorithm for the input K is
equivalent to the grammar G consisting of the following rules:

S—A A—a|AB| ABc, B—b| BBc.

We have ac € L — £(G). That is, £(G) is not 0, 0-substitutable.

Actually the least 0, 0-substitutable language including K of the above example
is a{b,c}*, which is indeed context-free and thus in the target class of our al-
gorithm 0, 0-SGL. This means that even if a characteristic sample (in Angluin’s
sense [I]) of the target 0,0-SCFL is given, our and Clark and Eyraud’s learning
algorithms do not necessarily converge to the target language.

4.2 Proof That Hypothesized Language Is Large Enough

To prove that the hypothesized language is large enough, we first need to define a
characteristic set, that is to say a subset of a target language L, which will ensure
that the algorithm k,I-SGL will output a grammar G such that E(G) = L..
We define a characteristic set in terms of a CFG in the following normal form,
while we do not yet have any grammatical characterization on CFGs generating
k,l-substitutable languages. Because Clark and Eyraud have already given a
characteristic set of 0, 0-SCFLs for their algorithm and it works for our algorithm
0,0-SGL, which is essentially the same as theirs, hereafter (including the next
subsection) we target k,l-SCFLs with (k, 1) # (0,0).

Definition 3. Let k£ and [ be nonnegative integers such that at least one of
them is not zero. We say that a crG G = (X, V, P, S) is in k,[-GNF if every
production has the form A — w for some w € Y<K — I\} or A — zaz for
somez € XF ze X andaec V.

The notion of k,I-GNF is a generalization of Greibach normal form [I0] and
double Greibach normal form [20,[8]. Standard Greibach normal form is 1,0-
GNF and double Greibach normal form is 1, 1-GNF.

Lemma 2. Let k and | be nonnegative integers such that at least one of them
is not zero. For any CFG G, there is an equivalent crc G' = (X, V', P',S") in
k,1-GNF such that P’ C V' x (2SkHy SEY/STRD) 20 NG| is polynomial in
G|l and T¢ is polynomial in |G| 1¢-

Proof. CASE 1. k,I # 0. We would like to refer the reader to Engelfriet’s conver-
sion to double Greibach normal form of cFGs [8]. Observing his proof, one can
see that every CFG in Chomsky normal form can be converted into an equivalent
CFG whose productions have one of the following forms:

A—aor A— aab
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for some A € V, a,b € X and o € V=", Moreover, the size of the obtained gram-
mar by his conversion is bounded by a polynomial in the size of the original gram-
mar. Together with the well-known fact that any CFG can be transformed into
Chomsky normal form of polynomial size, we may assume that G = (X, V, P, S)
satisfies P C V x (XU XV=7X) without loss of generality.

Here we introduce a subrelation = of =g. We write a = (3 if either

— a=1xAd and 3 = x76 for some x € X<k A -~y c Pand d € (XUV)*,
— a=6Azx and B = évyx for some z € X</, A -y € Pand § € (X UV)* .

Let us define a cra G' = (X, V, P’ S) with
+
P={A-a|A=acXTuEZuv)xh}

where % is the transitive closure of =. Some productions in P’ may violate
the condition of k,[-GNF, as some terminal symbols occur in « in a rule of
the form A — zaz with x € ¥*¥ and z € X'. A solution is trivial. For each
terminal symbol a € X let us introduce a new nonterminal symbol N, and
a new production N, — a. Then we replace violating occurrences of terminal
symbols @ in productions by N,. It is easy to see that L(G') = L(G).

We evaluate the size of G'. Because G isin 1, 1-GNF, if « = f and a € Y™ (XU
V)*X" then either 3 € XL (XUV)* X" or f € X™(X UV )* XL Therefore,
when A has n derivation steps induced by =, ie., A= a1 = ... = «,, we have
n < k+1 (note a; € XVTXUXT). Because the maximum length of production
rules in P is at most 9, a = 3 implies |3| < |a| + 8. Thus if A =T a, then
o <14+8(k+1—-1)=8(k+1)— 7. If a = va'u for some v € X* and u € X',
then |o'| < 7(k +1— 1). Moreover we see that |[P'| < |P|¥*!=1 4+ |X|. We have
|Gl < (8(k +1) = T)(IP|*H-1 + | Z]) € O(|P+1).

Moreover, it is not hard to see that when Engelfriet’s conversion is applied to
a CFG in Chomsky normal form obtained from a general CFG G by a reasonable
method, then the thickness 7 of the resultant grammar G in 1, 1-GNF is bounded
by a polynomial in ||G”||7¢~. By the fact 7¢r = 7, we get the lemma.

CASE 2. k > 0 and | = 0. Apply the similar conversion to Case 1 to CFG G
in Greibach normal form such that P C V x YV =2,

CASE 3. k=0 and [ > 0. This case is just symmetric to Case 2. O

It is easy to get rid of useless nonterminals in G’ obtained by the above method
if any.

Now we define a characteristic set K¢ of a k,[-SCFL in terms of a reduced
crG G = (X,V,P,S) in k,I-GNF generating it as follows, where “min” is with
respect to <, which is extended from X* to X* x X* in some reasonable way:

w(a):min{w62*|a:;>w}fora€ (Xuv)r

X(A) = min{ (z,z) € " x X" | Szé}mAz} for AeV,
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Ka={vw ... wyu€ X" | A—vBy...Byu,B; — (3 € P,w;, = w(f;)}
U{yeX'|A—-yecP}lforAcV,
Ke={zyz€ X" [ x(A) = (z,2), y€ Ka, A€V }.

The following trivial lemma is implicitly used in the proof of Lemma Hl

Lemma 3. K4 C L(G, /}) and Kg C K¢ C L(G). Kg is finite.
Let k,1-SGL compute G = (X, Vi, Pk, S) from K such that Ko C K C L(G).

Then for any w € Ka, [w] € Vi. If [wy ... wy] € Vi with wy,...,w, € 7T,
then [wy ... wp] :>g [wl}...[wm]éwl...wm.

Lemma 4. Suppose that the algorithm outputs G for the input K including K¢.

Then L(G) C L(G).
Proof. We first show that if A — vB;...B,u € P with v € ¥*, v € X! and

w; € Kp,, then there is w € K4 such that [w] =7 v[wi]...[wn]u. Let §; be

such that B; =~ G = w; and
I={i|lw #w(B),1<i<n}.

For each i € I, we have 3; € Yky+ 3t Thus there are v; € X*, u; € Xt and
v,y € X* such that w; = v;yu; and w(B;) = viyju,;. The fact w(5;),w; € Kp,
entails that x;v;yiu;z;, Tiviyiuizi € Kg where (x;, z;) = x(B;). By definition, G
has rule [w(8;)] — [w;] € Px. We have vw(01) ...w(8,)u € K4 and

[vw(B1) ... w(Bn)u] % v[jw(B1)] ... [w(Bn)]u = v[wi]. .. [wy]u.

By using this claim inductively, we see that for any A =7 w € X*, there is
w" € K such that [w'] =% w. Since G has rule S — [w'] € Pk for any w’ € K,
we obtain the lemma. |

Clark and Eyraud [7] define a characteristic set of 0, 0-sCFLs L(G) by
CS(G) ={ayz| A— B e P (z,2) ex(A), y=w(B)},

where G is not assumed to be in any special form. This set C'S(G) is more
compact than Kg. However, C'S(G) can be too small as a characteristic set
of a k,I-SCFL in general. Let G be a CFG in 1,0-GNF consisting of production
rules S — aSC, S — b and C — c. Then £(G) = {a"bc” | n > 0} is 1,0-
substitutable. On the other hand, C'S(G) = {b, abc} is also 1,0-substitutable,
and thus C'S(G) cannot be a characteristic set of £(G) for any algorithm learning
1,0-SCFLs.

4.3 Polynomial Time and Data

Now we discuss the efficiency of our learning algorithm k,[-SGL. Though the
class of k,I-SCFLs is not identifiable in the limit from positive data with poly-
nomial time and data in de la Higuera’s sense (Definition [I]), k,{-SGL satisfies
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de la Higuera’s definition if we accept the thickness 74 of the target grammar
as a fundamental parameter (Lemma [7]). Besides, k,[-SGL identifies k, [-SCFLs
in the limit from positive data with polynomial time and data in Carme et
al.’s sense [4], i.e., k,[-SGL admits a characteristic set of polynomial cardinality
(Lemma [@). Although we have no grammatical characterization of k,[-SCFLs,
Lemma [2] justifies evaluating the characteristic set K¢ where G is in k,[-GNF
such that P C V x (DSkHy Dy <7+ 1),

Lemma 5. Computation of G from a finite language K is done in polynomial
time in the description size of K.

Proof. Let {x = max{|w| | w € K }. For fixed w,w’ € K, the cost for enumer-
ating all pairs vyu and vy’u such that w = zvyuz, W' = zvy'uz, [v| =k, Ju| =1,
vyu,vy'u # X for some x,z € X* is bounded by O(¢%). Thus computing all the
rules of the form [vyu] — [vy'u] takes O(|K|*¢%) time. Computing all the rules
of the form S — [w] for w € K takes O(||K||) time. For each [w] € Vi, there are
(Jlw]—1) pairs (z, y) such that w = xy and z,y # X. Thus computing all the rules
of the form [zy] — [z][y] takes O(|Vk |lk) time. Together with (k,|K| < || K||
and |Vk| < || K||?, totally the algorithm updates its hypothesis in O(|| K ||*) time.

([

Therefore, k,I-SGL updates its hypothesis quickly even for large k and [. How-
ever, the amount of data for letting k, [-SGL converge increases depending on k
and [. For instance, to learn the k,l-SCFL Y <F+ — (A}, the learner requires all
elements of X<F+! — [} to be given as positive examples, because any subset
of XSkl f)\} is also a k, [-SCFL.

Lemma 6. |K¢| is bounded by a polynomial in ||G||.

Proof. Let n = max{|3| | A — z8z € P with |z| =k, |z| = [ }. Then we have
|Kg| < |P|"*!. By Lemma[] we have n < 7(k + 1) (constant). |K¢/| is bounded
by a polynomial. (I

Lemma 7. The description size of ||Kgl| is bounded by a polynomial in |G|
and 1.

Proof. By Lemma [6 it is enough to prove that the length of each element in
K¢ is bounded by a polynomial in ||G|| and 7. Suppose that zyz € K where
X(A) = (z,z) and y € K4 for A € V. We have a derivation

A0=G>C¥1A1’Yl == A Ym N = zAmz

where Ag = S, A;—1 — oAy for i = 1,...,m, Ay, = A, 2 = w(ag...apy)
and z = w(ym...7). We see A; # A; if ¢ # j by the definition of x(A).
Thus |a1...0mYm ... 71| < |G| and |zz| < ||G|l7g. If y € Ka, then either
A — y € P, or there are productions A — vB;y...B,u € P, B; — 3; € P for
i=1,...,nand y = vw(By...0n)u. Let p = k + 1 (constant). By Lemma [2
we have n < 7p and 3; € X=P U X*¥V =" X!, Therefore |w(5;)| < p + TpTe and
lyl <p+ Tp(p+ Tpre) € O(7g). All in all we have |zyz| € O(||G||l7a). O
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5 Discussion

Following the proposal given by Clark and Eyraud [7], this paper gave a formal
definition of a hierarchy of substitutable languages by generalizing the origi-
nal notion of substitutability and showed that each class of context-free lan-
guages in the hierarchy is polynomial-time identifiable in the limit from positive
data. While this generalization can be thought of as the exact analogue of k-
reversibility introduced by Angluin [I], some properties that hold of k-reversible
regular languages do not hold of k, [-SCFLs, or are not known to hold of k, [-SCFLs.

One is a grammatical characterization of k,[-SCFLs, as already pointed out
by Clark and Eyraud. The original definition of k-reversible languages is given
in terms of finite state automata and the syntactic characterization of them is a
theorem [I].

Kobayashi and Yokomori [I4] have shown that the least k-reversible language
including a finite language is always regular. In fact Angluin’s learning algo-
rithm always hypothesizes the least k-reversible regular language including the
given data. On the other hand, the least 0,0-substitutable language including
{abc, acb, bac, bea, aabbec} is MIX = {w € {a,b,c}t | |w|, = |w|y = |w|. }, which
is known to be non-context-free[] Moreover, MIX does not have a least 0, 0-SCFL
including it. Ly = {w € {a,b,c}" | lw|le = |w|p } and Ly = {w € {a,b,c}T |
|w|e = |wl} are 0,0-scFLs and MIX = L; N Ly. This shows that some set of
positive examples does not admit a least consistent 0, 0-SCFL.

The literature has established many results on reversible regular languages
and their variants (e.g., [2L14L 1615 [T3LM19,2TL23]). It would be interesting to
investigate whether or not analogous results hold of k, [-SCFLs.

Clark and Eyraud’s algorithm SGL for 0,0-sCFLs [7] bases Clark’s PAC learn-
ing algorithm for unambiguous NTS languages [5]. Though some unambiguous
NTS languages are not 0, 0-substitutable, taking into account the difference of
context, distributions of substrings, he successes learning non-0, 0-SCFLs using
SGL. Our learning algorithm k,[-SGL is more powerful than SGL for k,l > 0,
but we still conjecture all k, [-SCFLs are NTS. It is doubtful whether an applica-
tion of Clark’s method to k,l-SGL could enable a PAC learning algorithm that
is more efficient or more powerful.
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