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Abstract. We identify the properties of context-free grammars that
exactly correspond to the behavior of the dual and primal versions of
Clark and Yoshinaka’s distributional learning algorithm and call them
the very weak finite context/kernel property. We show that the very weak
finite context property does not imply Yoshinaka’s weak finite context
property, which has been assumed to hold of the target language for the
dual algorithm to succeed. We also show that the weak finite context
property is genuinely weaker than Clark’s strong finite context property,
settling a question raised by Yoshinaka.
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1 Introduction

Clark [2] and Yoshinaka [8] pioneered an approach to efficient learning of context-
free languages under the paradigm of polynomial-time identification in the limit
from positive data and membership queries, which they called distributional
learning.! The idea of distributional learning was based on the assumption that
the target language has a context-free grammar each of whose nonterminals is
characterized either by a finite set of strings or by a finite set of contexts (i.e., pairs
of strings). There are strong and weak variants to this notion of characterization:
A nonterminal X is strongly characterized by a set C' of contexts if the strings
derived from X are exactly those that can appear in all contexts from C; X is
strongly characterized by a set K of strings if X is strongly characterized by
the set of contexts in which all elements of K can appear. The weak notion of
characterization is obtained by replacing “the strings derived from X” in this
definition by their closure, i.e., “the strings that can appear in every context in
which all strings derived from X can appear”. A context-free grammar G has
the strong (resp. weak) finite context property (FCP) if each nonterminal of G is
strongly (resp. weakly) characterized by a finite set of contexts; G has the strong

! Clark and Yoshinaka have used the term “distributional learning” more loosely in
connection with a number of different learning paradims (see [5] for a survey).
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(resp. weak) finite kernel property (FKP) if each nonterminal of G is strongly
(resp. weakly) characterized by a finite set of strings. The dual variant of the
distributional learner uses finite sets of contexts as nonterminals and succeeds
under the assumption that the target grammar has the weak FCP, while the
primal variant uses finite sets of strings as nonterminals and assumes that the
target grammar has the weak FKP. Distributional learning, both in its dual and
primal variants, has since been extended to string and tree grammar formalisms
that are “context-free” in a broad sense of the term [11,9,5.4].

Despite the naturalness and wide applicability of the approach, there is
a notable discrepancy between the assumption of the (weak) FCP/FKP and
the behavior of the learning algorithm. For, in hypothesizing a rule, what the
algorithm tries to check is the “local” requirement that the rule be valid under
the presumption that each nonterminal in the rule is strongly characterized by
itself. For example, when the dual algorithm constructs a binary rule Cy — C1C5,
where each C; is a finite set of contexts, it checks whether the available evidence is
consistent with the assumption C§ O C7Cs, where C denotes the set of strings
that can appear in each context from C; in the target language. (Note that the
definition of the set Cf refers to the target language, not to any grammar for
it.) In contrast, the weak or strong FCP/FKP of a context-free grammar is a
“global” property of the grammar, since it refers to the set of strings derived from
each nonterminal, something that you cannot determine just by looking at each
individual rule in isolation.

The original idea of Clark [2] was to identify each nonterminal with a closed
set of strings (i.e., a set that is its own closure). Thus, he employed the strong
variant of the finite context property. Yoshinaka [8] recognized the possibility
that the set of strings derived from a nonterminal in the hypothesized grammar
may not be a closed set, and introduced the weak variants of the FCP and
FKP. In his later paper [10] on distributional learning of conjunctive grammars,
Yoshinaka mentioned as an open problem the question of whether the context-free
grammars with the strong FCP generate the same languages as the context-free
grammars with the weak FCP. However, the question of whether the weak FCP
and FKP are weak enough, i.e., whether the two variants of the distributional
learner always converge to a grammar with the weak FCP/FKP, does not seem
to have attracted much attention.

In fact, the properties of context-free grammars that exactly correspond to
the behavior of the dual and primal variants of the distributional learner are
easy to state; we call them the very weak FCP/FKP. The dual/primal algorithm
converges to a correct grammar for the target language when the latter has a
grammar satisfying the very weak FCP/FKP, and the grammar it converges
to always satisfies the very weak FCP/FKP. As we show below, the very weak
FKP turns out to be equivalent to the weak FKP, and the primal algorithm is
guaranteed to converge to a grammar with the weak FKP. In contrast, the very
weak FCP is genuinely weaker than the weak FCP. We exhibit a language that
has a context-free grammar with the very weak FCP but has no context-free
grammar with the weak FCP. The fact that the dual algorithm succeeds on such
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languages has not been recognized so far. We also show that a similar separation
holds between the weak and strong variants of both the FCP and the FKP. This
negatively settles the above-mentioned open problem of Yoshinaka [10].

2 Preliminaries

We adopt the standard definition of context-free grammars (as in [1]), except that
we allow them to have multiple initial nonterminals. Thus, a context-free grammar
(CFQG) is a4-tuple G = (N, X, P, I), where I C N is the set of initial nonterminals.
If A is a nonterminal of G, we write L(G, A) for {w € X* | A =§ w}, the set of
terminal strings derived from A. Then the language of G is L(G) = (J 4; L(G, A).
We write C(G, A) for { (u,v) € X* x ¥* | S =& udv for some S € I }.

Let G = (N, X, P,I) be a CFG. It is well known that G can be thought of as a
system of equations where the nonterminals are viewed as variables ranging over
P (X*). This system contains the equation A = oy U---Uay for each nonterminal
A, where aq,...,ay list the right-hand sides of the productions with A on the
left-hand side. A sequence of sets (Xa)aen is a fized point of G if assigning
the value X4 to each A satisfies all these equations. The sequence (X 4)aen is
a pre-fixed point of G if it instead satisfies A D a3 U...--- U ay. Equivalently,
(X4a)aen is a pre-fixed point of G if for each production A — woAjws ... A, w,
in P (with w; € X* and A; € N), it holds that X4 D woXa,wy ... X4, w,. It
is known that the sequence (L(G, A))acn is the least fixed point as well as the
least pre-fized point of G under the partial order of componentwise inclusion.

3 Three Variants of the Finite Context and Kernel
Properties

We begin by reviewing some important notions from Clark’s syntactic concept
lattice [3]. Let L C X* be given. For C C X* x X* and K C ¥*, we put

O = {2z e ¥* |uzv € L for all (u,v) € C'},
KB = {(u,v) € &% x * |uKv C L}.

When the language L is understood from context, these are simply written C<
and K”. For a set K C X* its closure is K>9. The function (-)>? is indeed a
closure operator in the sense that (i) K C K*9, (ii) K1 C K3 implies K79 C K59,
and (iii) K>®< = K™, A set K C X* is closed if K = K”9; equivalently, K
is closed if and only if there exists a C' C X* x X™* such that K = C<. (These
notions are all relative to the given language L.) Note that L is always closed
relative to L, since L always contains (g,¢). (We write € for the empty string.)
An important property of the closure operator (-)*< is the following [3]: for

X,Y C o*,
(XY)DQ — (XDQYDG)DQ' (1)

Let G = (N, X, P,I) be a CFG, and let the operators < and > be understood
relative to L(G). A pre-fixed point (Xa)aen of G is sound if |J,c; Xa = L(G).
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We abbreviate “sound pre-fixed point” to “SPP”. It is easy to see that if (X 4)aecn
is an SPP of G, then uX v C L(G) for all (u,v) € C(G, A). Since (L(G, A)) aen
is the least pre-fixed point of G, it is the least SPP.

Proposition 1. If (Xa)aen is an SPP, then so is (X%%) aen-

Proof. This easily follows from the fact that (woX3jw; ... X5 w,)™ equals
(woX a4, w1 ... X4, w,)", which in turn is a consequence of (1). O

Since (L(G, A)*Y)aen is the least pre-fixed point consisting entirely of closed
sets, it is the least such SPP. It need not be the greatest SPP of G. In fact, it is
not hard to see that the greatest SPP may not exist.

Let k be a natural number, and let L C X*. A set X C X* is k-context-
generated relative to L if X = C(El for some C' C X* x X* such that |C| < k. We
say that X is k-kernel-generated relative to L if X = KIF{Ll for some K C X*
such that |K| < k. A sequence of sets is k-context-generated (k-kernel-generated)
if each of its component sets is k-context-generated (k-kernel-generated).

We say that G has

— the strong k-finite context property (resp. strong k-finite kernel property) if
(L(G, A)) aen is k-context-generated (resp. k-kernel-generated) relative to
L(G);

— the weak k-finite context property (resp. weak k-finite kernel property) if
(L(G, A)*9) aen is k-context-generated (resp. k-kernel-generated) relative to
L(G);

— the very weak k-finite context property (resp. very weak k-finite kernel property
if G has an SPP that is k-context-generated (resp. k-kernel-generated) relative
to L(G).

We abbreviate “finite context property” to “FCP” and “finite kernel property”
to “FKP”. Clearly, a CFG G has the strong k-FCP (k-FKP) if and only if G has
the weak k-FCP (k-FKP) and in addition L(G, A) is a closed set relative to L(G)
for each nonterminal A of G. It is also obvious that the weak k-FCP (k-FKP)
implies the very weak k-FCP (k-FKP). We say that G has the strong/weak/very
weak FCP/FKP when G has the strong/weak/very weak k-FCP/k-FKP for some
k.

What Clark [2] called the finite context property was what we here call the
strong finite context property. The weak finite context property was introduced
by Yoshinaka [8] and adopted by Leif3 [6].

Proposition 2. (i) There is a language that has a CFG with the strong 1-FKP
but has no CFG with the very weak FCP.

(ii) There is a language that has a CFG with the strong 1-FCP but has no CFG
with the very weak FKP.

Proof. (i). Let

L=IL1ULy, Liy={amct*|meN}, Ly={amdb"|n<m<2n}.
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Let G be the following CFG with initial nonterminals S; and Ss:
Sl — (LSlbb | c, 52 — GSQb | aaSgb ‘ d.

Then L(G,S1) = L1 = {¢}* and L(G,S2) = Ly = {d}*". So L(G) = L and G
has the strong 1-FKP.

Now let G’ be any CFG for L. Applying the pumping lemma to a?ch?? for a
sufficiently large p, we get

S =% a"Eb, E=t o BY, E=¢% a?ch”

with ¢ +7 >0, i1 + 7+ i3 = p, and j1 + j + jo = 2p, for some nonterminal £ and
initial nonterminal S. Since a1+t chiitnitiz ¢ [ for all n € N, we must have
j = 24, which implies ¢ > 0. By way of contradiction, assume that G’ has an SPP
whose component for E is Cy, for some finite Cp C X * % X*. We must have

LD a"Cgbr, CF Da'CLb*, CL D {a™cb’?}.

By the last inclusion, every element of Cz must be of the form (a2, b?n72)
for some n such that n > i and 2n > j. Take an m large enough that m > 2n
for all n such that (a"~%,b?>"=J2) € Cg. Then for all such n,

2m+2n — jo <3m < 3m+n —iy <4dm < 2(2m + 2n — ja),

which implies a®™db*™ € C5. But since L D a* T Cb1T27 for all n € N, we
get a1 tnit3mpiit2nit2m ¢ [ and hence i1 + ni + 3m > j1 + 2ni + 2m for all n,
which contradicts ¢ > 0.

(ii). Let L = {a™bd™ | m # n }. Let G be the following CFG with a unique
initial nonterminal S:

S—A|B|aSb, A—al|aA, B —b|bB.

Then L(G,S) = L = {(¢,e)}", L(G,A) = at = {(¢,ab)},L(G,B) = bt =
{(ab,€)}?, so G has the strong 1-FCP.

Now suppose that L has a CFG with the very weak FKP. Then L = K7<U
-+ U K" for some finite sets K, ..., K, C X*. Clearly, K; C L fori=1,...,n.
Let p = max{ |m—mn| | a™b" € K; for some i }. Then for each i, K D { (a™,b") |
|m—n| > p}, which implies K79 C {a™b™ | [m—n| < p }. This is a contradiction,
since L € {a™b™ | Im —n| <p}. O

4 Distributional Learning

The distributional learner has access to an infinite stream of positive examples
and the membership oracle for the target language L.. Let > and < be understood
relative to L.

The dual algorithm forms productions of the form Cy — woCrws ... Chw,,
where each nonterminal C; is a finite set of contexts (u,v) contained in the input
positive data D (i.e., uwv € D for some w). Such a production is valid if

< < <
CO :_) w001 wq ... ann
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The membership of a string in C can be determined by a membership query, but
since C7 is in general infinite, the validity of a production cannot be determined
in finite time. At each stage, the algorithm uses only those productions that are
valid on the set E of all substrings of the positive examples, in the sense that

Testing this condition for all candidate productions can be done with a polynomial
number of membership queries if there is a fixed bound on n and the cardinality
of each C;. Since E continues to grow, if the output of the algorithm stabilizes
on a particular grammar, all its productions will be valid.

The primal algorithm in contrast constructs productions of the form Ky —
woK ws ... Kyw, where each K; is a finite set of strings w drawn from the
input positive data D (i.e., uwv € D for some u,v). Such a production is valid
it K§9 2 woKYwy ... K w,. It is not difficult to see that this condition is
equivalent to

Kg Q (w0K1w1 . ann)b.
In hypothesizing a production, the primal algorithm checks that it is valid on the
set J of all contexts contained in the input positive data, in the following sense:

JnN KOD - (wOK1w1 ce ann)D

Again, this ensures the validity of all productions in the limit.

Algorithm 1: Dual learner for CFGs.
Parameters: Positive integers 7, k;
Data: A positive presentation t1,to,... of L, C X™; membership oracle for L.;
Result: A sequence of grammars G1,Ga, .. .;
let Do := @; Ey := @; Jo := @; Hy := @; Go := (8, X, 0, 9);
fori=1,2,... do
let D; := D;—1 U{t;}; E; := Sub(Dy);
if Di SZ L(Gifl) then
| let Ji := Con(D;); H; := Sub="""(D;);
else
L let Jl = Ji—1§ Hz = Hi_1;
output G; := (N;, X, P;, I;) where
Ni={CCJ |1L|C| <k},
P, = {Co — woClwl . ann | (wo,w1, e ,wn) e HZ',
Co, Cl, ey C, € Ni, Co = woCrw1 ...Crwy 1s valid on E; },

L={CeN,|Enc*lcL.}

Exact formulations of the two algorithms are given in Algorithms 1 and 2.2
In the algorithms, Sub(D) = {w € X* | vwv € D for some u,v }, Sub™(D) =

2 The present formulations follow [4].
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{(wr,...,w,) € (Z*)" | wowiug - .. wpu, € D for some uo, ..., uy }, Subgm(D)
= Ui<n<m Sub™(D), and Con(D) = { (u,v) € ¥* x £* | uwv € D for some w }.

Algorithm 2: Primal learner for CFGs.
Parameters: Positive integers 7, k;
Data: A positive presentation t1, o, ... of L. C X™; membership oracle for L.;
Result: A sequence of grammars G1,Ga, .. .;
let Do := @; Ep := @; Jo := &; Ho := &; Go := (2, X, 0, 9);
fori=1,2,... do
let D; := D;—1 U{t;}; Ji :== Con(D;);
lf Di g_ L(Gi71) then
‘ let E; := Sub(D;); H; := SubST“(Di);
else
L let El = L1, Hl = Hi—l;
output G; := (N;, X, P;, I;) where
N, ={KCE;|1<|K|<Ek},
P, = {Ko — woKiw1 ... Kpwn ‘ (w07w17 R ,wn) S HZ',
Ko, Ki,...,K, € N;, Ko > woKjw; ... Khyw,, is valid on J; },

We say that the dual or primal learner converges to G on L, if, given a
positive presentation (i.e., enumeration) of L, and the membership oracle for L.,
the output of the learner eventually stabilizes on G.

Theorem 3. Suppose that the dual learner converges to a grammar G on L.
Then L(G) = L. and G has the very weak k-FCP.

Proof. Let G = (N, X, P, I). It is easy to see that D; C L(G;) holds at each stage,
so L. C L(G). Since every element of Sub(L,) eventually appears in E;, each
production of G must be valid. Hence the sequence (C+1)ocpy is a pre-fixed
point of G. By the same token, we must have CEl C L, for all C € I. So
Ucer C+l C L, C L(G). Since (L(G, C))cen is the least pre-fixed point of G,
L(G) = Ueer LG, C) € Upe; CF+I. Hence L(G) = L, and (CH@) ey is an
SPP of GG, which means that G has the very weak k-FCP. O

Similarly, we have

Theorem 4. Suppose that the primal learner converges to a grammar G on L.
Then L(G) = L. and G has the very weak k-FKP.

The following theorems are clear from the existing proof of correctness of the
dual and primal learners (see, e.g., [4]).

Theorem 5. Let G be a CFG each of whose productions has at most r non-
terminals on the right-hand side. If G has the very weak k-FCP, then the dual
learner converges to a grammar for L(G) on L(G).
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Theorem 6. Let G be a CFG each of whose productions has at most r nonter-
minals on the right-hand side. If G has the very weak k-FKP, then the primal
learner converges to a grammar for L(G) on L(G).

5 The Strong vs. Weak Finite Context and Kernel
Properties

We write 2 for the reversal of a string z, and |x|, for the number of occurrences
of a symbol a in z. Let

Y =A{a,b,c,d, e, #,8$},

L=L,ULyULs,

L1 = {wi#we# ... #w,$wl . wlwl |n>1,w,... ,w, € {a,b}*},
Ly = {wyc'd'e’z | w, z € {a,b}*,y € (#{a,b}*)*,i,7 > 0,|w|s > |wl },
Ls = {wyc'd’e’z | w,z € {a,b}",y € (#{a,0}")%,i,5 > 0, w|a < |wls }.

Lemma 7. Every CFG G for L has a nonterminal E such that L(G, E) is not
a closed set relative to L.

Proof. Let G be a CFG for L. By applying Ogden’s [7] lemma?® to a derivation
tree of a sufficiently long string in L; of the form a?b?#aP$aPbPaP, we obtain

Sy =Ea™Adr,  A=fa™mAd™,  A=F a™ 0™ Bbal,

B=5b2Bb",  B=4b"#a™ Dd"b, D =Fam 8,

for some ny, N2, M1, M2, M3, My, M5, Mg > 1, ll, l2, lg, 14, l5, 16 > 0 such that my +
ni+meg=mzg+ngt+tmg=ms+meg=1l1+n1+lo=Il3+ny+1ly=15+1ls=p,
where S is an initial nonterminal. We show that L(G, D) is not a closed set.
Let (u,v) € L(G, D)*. Then ua™s$a'sv € L. Since y$z € L implies yc'de’z €
L for every y,z € X¥* and i > 0, we have ua™¢c'd’e’a'sv € L for every i > 0.
This shows
{a™scidiela’ | i >0} C L(G, D)™, (2)

On the other hand, since
S1 :%} a™ (a"l)iam2 bm3 (b2 )jbm4 #a™ Da's bl (o2 )ijS al? (a"l)ial1

for all i, j > 0, there are w,w’, z, 2’ € {a,b}*™ such that |w|, > |wlp, |0'|a < [W']p.
and
S) =& w#a™ Dz, Sy =5 w'#a™ D2, (3)

3 Tt is clear from Ogden’s proof that the lemma is really about one particular derivation
tree of a context-free grammar. If p is the constant of Ogden’s lemma for G, we
obtain the required decomposition of the derivation tree by first marking the initial
a®, then the b preceding #, and then the a” immediately following #.
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Now suppose a™éctdieFa's € L(G, D)><. Since (3) implies (w#a™, z) € L(G, D)”
and (w'#a™s,2') € L(G,D)>, we must have w#a™ a™sc'd’e*alz € Lo and
w'#amamsctdiekalo z € L. Tt follows that

a™cldiekals € L(G, D)™ only if i = j = k. (4)
By (2) and (4), L(G, D)> N a™sc*d*e*ale = {a™scidietals | i > 0}, which
implies that L(G, D) is not context-free. Therefore, L(G, D) # L(G, D)< and
L(G, D) is not a closed set. O

The above lemma implies that L has no CFG that has either the strong FCP
or the strong FKP.

Lemma 8. There is a CFG for L that has both the weak 2-FCP and the weak
2-FKP.

Proof. Let G be the following CFG, where S7, .55, 53 are the initial nonterminals.

Sl—>$|a51a\b51b|#51, C—>E‘CC,

Q — ] aQbQ | bQaq), J = e | dJe,
F — Q# | Fa| Fb| F#, So— HE | FSo | QS2 | aSs | S2a | Sab,
H—>€‘0Hd, 53—>CJ|F53|QS3‘ng|53a‘Sgb
E — ¢ | Ee,
We have
L(G751):L1,

L(G, 81)” = { (w1 #wa#t . .. #wp, wh . wlwl) | n>1,w,... ,w, € {a,b}*},
L(G, 8™ = Ly U{yc'de'z |y € {a,b,#}*,2 € {a,b}",i >0}
= {(a#,a), (0#,0)}" = {8},
LG, Q) ={w e {a,b}" | [wla = [wls } = {(e, #cd), (a,b#tde) }* = {e,ab}™,
L(G. F) = {w#y | w e {a,b}", [wlo = [w]y,y € {a,b,#}" }
={(e,cd), (e, ade) }* = {#, ab#}"",

L(G,H) ={c'd"|i>0} = {(attc,d)}* = {e, cd}*7,
L(G,E) = " = {(a#tcd,e)}* = {e,e}™7,

L(G,C) = c* = {(b#c,de)}* = {e, ¢},
L(G,J)={d'e¢ |i>0} = {(b#d,e)}* = {e,de}",
L(G, Sy) = Ly,

L(G, S2)” = { (wy, 2) | w, 2 € {a,0}*,y € (#{a,b}")", |w]o > w]s },
L(G, S2)™ = Ly U{vcldie'z | v € {a,b,#}*,z € {a,b}*,i >0}
= {(575)7 (a#’ b)}q = {Cda}bq7
L(G7S3) = L37



10 M. Kanazawa and R. Yoshinaka

L(G, S3)” = { (wy, 2) | w, z € {a,b}*,y € (#{a,b})*, |w|a < |w]y },
L(G, 83" = Ly U {vc'd"e'z | v € {a,b,#}*,2 € {a,b}*,i >0}
= {(g,€), (b#,a)}" = {#de}"".

This shows that G has both the weak 2-FCP and the weak 2-FKP. O

Theorem 9. There is a language that has a CFG with both the weak 2-FCP and
the weak 2-FKP but has no CFG with either the strong FCP or the strong FKP.

6 The Weak vs. Very Weak Finite Context and Kernel
Properties

Proposition 10. If a language L has a CFG with the very weak k-FKP, then
L has a CFG with the weak k-FKP.

Proof. Let G = (N, X, P,I) be a CFG and let L = L(G). Suppose that K4 C X*
is a finite set for each A € N such that |K4| < k and (KLLMLl)AGN is an SPP
for G. Let G’ = (N, X, P',I), where PP =PU{A - w| A€ N,we Ku}. Then
(L(G', A)) acn is the least pre-fixed point (X a)aen of G such that K4 C X 4.
Since K4 C KLLML‘, this implies L(G', A) C KLLML‘ for each A € N. As
a consequence, L(G') € Uu¢; KL{‘ML‘ = L. Clearly, L = L(G) C L(G"), so
L(G") = L. Since K4 C L(G', A), we get KL‘LML‘ C L(G", AL and hence
KPP = (G, A)E(EL This shows that G’ has the weak k-FKP. O

The proof of Proposition 10 shows that Theorem 4 can be strengthened to

Corollary 11. If the primal learner converges to a grammar G on L., then
L(G) = L, and G has the weak FKP.

Let
2’ = {a7 b7 c’ d’ 67 f’ #7 $7 %}7
L'=L,ULyUL3UL4U Ls,
Ly = {v$2"%f' | v € {a,b,#}", 2 € {a, b}, k,1 > 0},
Ls = {vc'd'e 2% ' | v € {a, b, #}", 2 € {a,b}",i, 5, k, 1 > 0,5 # k },
where L1, Ly, L3 are as defined in Section 5.

Lemma 12. There is a CFG for L' that has the very weak 2-FCP.

Proof. Let G’ be the extension of the grammar G in the proof of Lemma 8 with
the following additional productions:

T —¢ ‘ Ta | Tb, 5475 — $TC% | HU% | a5475 | bS475 | #5475 | S475f.
U— EeT | TcC | eUc,
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The nonterminals 7', U, S4 5 are new and Sy 5 is an initial nonterminal. All the
old nonterminals except S; continue to be (weakly) characterized by the same
sets of contexts as before, but we now have

L(G, 1) = { (wr#wo# . .. #wy, wE . wlwl) | n > 1,w,...,w, € {a,b}*}
U{ (v, 2¢*%fY) | v € {a,b, #}*, 2 € {a,b}*, k,1 >0},
L(G',81)™ = L(G',81) = Ly,
where of course >, < are now relative to L’. For the new nonterminals, we have
L(G',T) = {a,b}" = {(8,a%)}",
LG\ U) ={ezc" | z € {a,b}",j,k > 0,j # k} = {(e,c%)}",
L(G',S45) = Ly U Ly = {(g, /)}".
Now if we let
X5, =C(G',5)°
= {(wi1Fwodt . .. #w,, wh . wlwl) | n > 1w, we,...,w, € {a,b}*}"
=Ly u{vc'de'z |ve {ab#}* 2€{ab}"i>0},

then we have Xg, D {$} UaXg,aUbXg bU#Xg,, so Xg, together with (the
closures of) the languages of the other nonterminals constitute an SPP for G.
Since Xg, = {(a#,a), (b#,b)}<, this shows that G’ has the very weak 2-FCP. O

Lemma 13. There is no CFG for L' that has the weak FCP.
Proof. Let G be any CFG for L’. As in the proof of Lemma 7, we obtain
S :>2 a™t (a"l)iam2 pms (b”2)jbm“#amsDalsbl4 (l)m)jbl%tl2 (a"l)iall,
D =7 a™$a's,
for every ¢ and j, where S is an initial nonterminal, D is a nonterminal, and
ni,no > 1. It is easy to see that
L(G,D) C {a,b,#} ({8} u{c'd’e’ | i > 0}){a, b}",
L(G,D)” C {a™$a'}"
C {a,b,#}* x {a,b}*({e} U "% f7).
Since L(G, D) is context-free, there must be a k; such that
L(G,D) N {a,b,#}*c'd"e"{a,b}* = @ for all i > k.
It follows that { (¢,¢'%) | i > k1 } € L(G, D)” and so
L(G, D) n{a,b,#} c'd'e'{a,b}* = @ for all i > k.

However, for any finite set W C L(G, D)®, there is a ky such that WN({a, b, #}* x
{a,b}*c% f*) = @ for all i > ko, which implies {c'die’ | i > ko} C W9 It
follows that L(G, D)> # W< for any finite W. O

Theorem 14. There is a language that has a CFG with the very weak 2-FCP
but has no CFG with the weak FCP.
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Conclusion

The basic idea of distributional learning has been to let a finite set of con-
texts/strings determine (the distributions of) the strings derived from each
nonterminal. We have shown that while this is indeed a necessary condition
for the primal learner, the dual learner may succeed in the absence of such a
characterizing finite set of contexts.
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