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Abstract. In this paper, we describe how distributional learning tech-
niques can be applied to formal graph system (FGS) languages. An FGS
is a logic program that deals with term graphs instead of the terms of
first-order predicate logic. We show that the regular FGS languages of
bounded degree with the 1-finite context property (1-FCP) and bounded
treewidth property can be learned from positive data and membership
queries.

1 Introduction

In the field of algorithmic learning theory, many models and algorithmic tech-
niques for learning from examples have been developed. Distributional learn-
ing was first proposed by Clark and Eyraud [3] to learn a subclass of context-
free grammars efficiently. Recently, distributional learning techniques have been
developed for learning of various subclasses of context-free grammars [11]. These
techniques were extended to languages that have more complex structures [7].
Yoshinaka [12] introduced distributional properties on grammars and showed
that grammars with distributional properties are learnable with standard dis-
tributional learning techniques if the grammars satisfy certain conditions, e.g.
polynomial time decomposability of objects into contexts and substructures.

Graph grammar has been developed as an extension to graphs from strings
of grammatical forms. Graph grammar has been applied to a wide range of fields
including pattern recognition and image analysis. Uchida et al. [10] introduced
a framework called formal graph system (FGS) as a graph grammar. An FGS
is a logic program that deals with term graphs, which can be considered to be
types of hypergraphs, instead of the terms of first-order predicate logic.

For the learning of graph grammar, Okada et al. [9] showed that some classes
of graph pattern languages are learned from a minimally adequate teacher
(MAT) in polynomial time. Hara and Shoudai [6] proposed an algorithm for
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learning the class of c-deterministic regular FGS languages in the framework
of MAT learning. There have been other studies on graph grammars from the
viewpoint of application, but discussions on computational learning of graph
grammars are not yet sufficient. In this paper, we show that the regular FGS
languages of bounded degree with the 1-finite context property (1-FCP) [2] and
bounded treewidth property can be learned from positive data and membership
queries with current distributional learning techniques [11].

2 Preliminaries

For a set or a list S, |S| denotes the number of all elements that are contained
in S. For a set S, S* denotes the set of all finite lists consisting of elements in S.
For a list S and an integer ¢ (1 < i < |S|), S[i] denotes the i-th member of S. Let
27 and A be finite alphabets. Let X be an infinite alphabet, whose elements are
called variables. We assume that each symbol z € X has a nonnegative integer
rank(z), XNX =0 and ANX = (.

Definition 1 (Term graph). A term graph g = (V,E,@,, H, \,ports) is
defined as follows:

1. (V,E) is a vertex- and edge-labeled (directed or undirected) graph,

2. o: V=X and . E — A are vertez- and edge-labeling functions,

3. H is a finite multiset of hyperedges that are elements of 2V,

4. X: H— X is a variable-labeling function, and

5. ports : H — V* is a mapping s.t. for every h € H, ports(h) is a list of
rank(A(h)) distinct vertices in V. These vertices are called the ports of h.

We give an example of term graphs in Fig. 1. A hyperedge is drawn as a box
with lines to its ports. The order of the ports is indicated by digits at these lines.

Fig. 1. A term graph g = (V, E, ¢, v, H, A\, ports) on ¥ = {a,b,c,d} and A = {a, 8,7}:
H = {{uz,us,us}, {us,us}, {us}t, A({uz, us, ua}) = @, A{us,us}) = y, A({us}) =

z,ports({uz, us, us}) = (u2,us, us), ports({us, us}) = (ua,us), ports({us}) = (us).

For a term graph g, its 7-tuple is denoted by (Vy, Eq, ©g, g, Hg, Ag, portsy).
A term graph g is called ground if Hy; = () and both A, and ports, are empty
functions (). We define the size of a term graph g, denoted by |g|, as [Vg|+|E,| +
|Hgy|. A term graph g is a star term graph if E; = () and H, = {V,}. For a star
term graph g, hy denotes the unique hyperedge of g.
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Definition 2 (Treewidth [5]). A tree decomposition of a term graph g =
(V,E,p, ¢, H X, ports) is a rooted tree T = (I,F) whose vertices i € T are
associated with V; CV, E; C E and H; C H that satisfy the following condi-
tions:

1. For each v € V, there is a vertex v € I such that v € V.

2. For each e = (u,v) € E, there is exactly one verter i € T such that u,v € V;
and e € E;.

3. For each h = {v1,...,v,} € H, there is exactly one vertex i € T such that
V1,...,0m €V; and h € H;.

4. For each v € V, the subtree of T induced by {i € Z | v € V;} is connected.

The width of T is defined as max;c7 |V;|—1. The treewidth of g is the minimum
width of any tree decomposition 7 = (Z, F) of g.

Two term graphs f and g are said to be isomorphic, if there is a bijection
7 from Vy to Vg, such that (1) (u,v) € Ef if and only if (7(u),7(v)) € Ey, (2)
or(u) = @g(m(u)) for each vertex u € Vy and ¢y (u,v) = ¢g(m(u), 7(v)) for each
edge (u,v) € Ef, (3) {v1,...,v¢} € Hy if and only if {m(v1),...,m(ve)} € Hyg,
(4) Ap({vr, .. vel) = Ap({ua, ... ue}) if and only if Ag({m(v1),...,m(ve)}) =
Ag({m(ur), ..., m(up)}) for each hyperedge {vi,...,ve}, {u1,...,ue} € Hy, and
(5) portsy({v1,...,ve}) = portsg({m(v1),...,m(ve)}) for each {vy,..., v} € Hy.
A bijection 7 satisfying (1)—(5) is called an isomorphism from f to g.

Let d and w be nonnegative integers. The degree of a vertex v is defined
as |[{e € Eg |veel+|{h € Hy | v eh} G AX) (resp. Ga.uw(X, A, X))
denotes the set of all term graphs (resp. all term graphs of maximum degree d
and treewidth w) over (X, A4, X'). Moreover, G(X, A) (resp. Gy (X, A)) denotes
the set of all ground term graphs (resp. all ground term graphs of maximum
degree d and treewidth w).

Let f be a term graph in G(X,A4,X) and o an ordered list of ¢ distinct
vertices in Vy (0 < £ < |V¢]). A pair [f, o] is called a term graph fragment. If f
is a ground term graph, we call it a ground term graph fragment. Let F (X, A)
be the set of all ground term graph fragments. For nonnegative integers d and
w, Fauw(X,A) = {[f,0] € F(X,4) | f € Gaguw(X,A)and |o] < d+ 1}. For
a term graph fragment [f,o] and a variable x € X with rank(z) = |o|. Let
o= (v1,...,v¢) (£ > 1). The binding x := [f, o] for a term graph ¢ is defined
to be an operation on g that works in the following way: For each h € H, with
Ag(h) =z, let f' = (Vpr,Epr,ppr,1bp, Hyr, e, portsys) be a copy of f. For a
vertex v € Vy, we denote the corresponding copy vertex of f' by v'. We attach
f' to g by removing the hyperedge h from H, and by identifying the ports
ui,...,up of hin g with vi,...,v} in f’, respectively. We set the new vertex-
label of u; to be the original vertex-label of u;, i.e., @q(u;). A substitution 0 is a
finite set of bindings {z1 := [f1,01], ..., Zn := [fn,0n]}, where x;’s are mutually
distinct variables in X and each f; has no hyperedge labeled with a variable in
{z1,...,2,}. We give an example of term graphs and substitutions in Fig. 2.
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Fig.2. A graph G can be obtained from ¢ by applying a substitution 6 = {z; :=
[f1, (u1, ua)], z2 == [f2, (w3, w1)]}, i.e., gf is isomorphic to G.
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Fig.3. A formal graph system Si = (X1, A1, X1,II1, 1), where X1 = {a}, A1 =
{e}, X1 = {z1,22,...}, 11 = {p}, and its FGS language GL(S1,p).

Definition 3 (Formal graph system [10]). Let ¢1,...,9, € G(X, A, X)
(n > 1). Let II,, be a finite set of n-ary predicate symbols. Let II = J;~q II;.
For p € II,,, we say that p(g1,...,9,) is an atom. Let A, By,...,B,, be atoms
(m > 0) consisting of term graphs in G(X, A, X) and predicate symbols in IT. A
graph rewriting rule over (¥, A, X, IT) is a clause of the form A — By,...,Bp,.
For a clause A < By, ..., By, the atom A is called the head and the right hand
side of the arrow Bi, ..., B, is called the body of the rule. Let I' be a finite set
of graph rewriting rules over (¥, A, X,II). A formal graph system (abbreviated
to FGS) is the 5-tuple S = (X, A, X, II, T).

For a substitution 6§ and an atom p(gy,...,gn), we define p(g1,...,g,)0 to
be p(g10,...,gn0). For a graph rewriting rule A «— By,..., B;,, we also define
(A — Bl,...,Bm)Q to be Af <—B197...,Bm0.

Definition 4. Let S = (X, A, X, II,I") be an FGS. For a clause C, relation
I' = C is defined recursively in the following way:

1. If C eI, then I' - C holds.

2. If '+ C, then I' = CO for an arbitrary substitution 6.

3 IfI't A~ By,...,B, and for somei (1 <i<n), '+B; — Cq,...,Cp,
thenF}—A<—Bl,...,Bl-,l,Cl,...,Cm,Bi+1,...,Bn holds.

For an FGS S = (X, A, X, II,I') and a unary predicate symbol p, we define
the graph language of (S,p) as GL(S,p) = {9 € G(X,A) | ' F p(g) < }. We say
that a graph language L C G(X, A) is definable by an FGS or an FGS language
if such a pair (I, p) exists. In Fig. 3, we give an example of the FGSs and its
FGS language.
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Let X' be a set of vertex labels and IT a set of predicate symbols. Let § be a
function from IT to X*. We call the function § a pointer of I if for any predicate
symbol p, 6(p)[i] # d(p)[j] for all 4,5 (1 < i < j < |6(p)]). Let d(II) be the set
of all vertex labels appearing in d(p) for all predicate symbols p € II. For a
term graph g and a list of vertices o = (vy,...,v¢) € Vif (€ > 1), p4(0) denotes

(pg(v1); -+, pg(ve))-

Definition 5 (Regular formal graph system [10]). We say that an FGS
S =(X,A,X,II,T") is reqular with a pointer § of IT if all graph rewriting rules
in ' are of the form qo(g0) — q1(91)s---,qm(gm) that satisfies the following
conditions:

1. All g; € IT (0 < i <m) are unary predicate symbols.
2. Each g; (1 <i<m) is a star term graph s.t. g, (portsg, (hg,)) = 6(q:).
8. There is a list (vi,...,V5(qy)|) € Vg'(‘f(%)‘ .t ©go (U1, Vs(go)) = 0(qo0) and

for any u € Vg, \{v1,...,0|5(q0)}> Pg0(u) € Z\S(IT).
4 UheHgo{)‘go(h)} = U?ll‘p‘gi(hgi)} and )‘gi(hgi) # >‘gj (hgj) for1<i<j<
m.

5. For every hi,hy € Hy,, hy # ho if and only if Xy, (h1) # Mgy (h2).

A regular FGS S = (X, A, X,II,I") with a pointer ¢ is denoted by (S,d) or
(X, A, X,11,T),0). Below we call a regular FGS with a pointer a reqular FGS.

Let (S, ) be a regular FGS and p a unary predicate symbol in I7. We define
the graph language of (S,0,p) as GL(S,6,p) = {g € G(X,A) | I' - p(g) —}. We
say that a graph language L C G(X, A) is definable by a regular FGS or a regular
FGS language if a triplet (5,6, p) exists such that L = GL(S, d,p). In Fig. 4, we
give an example of the regular FGSs and its regular FGS language.

p() <« q()

4( ) <« q(), q()
q(><— (O D). (OO
q(®1—2>®) <

@@ @
GL(S;, 9, p) =

Fig. 4. A regular formal graph system (S, d2) = ((X2, A2, X2, II2,I32), d2), where Xy =
{a,s,t}, Az = {e}, Xo = {x1,22,...}, IIo = {p, q}, 62(p) = (), 2(q) = (s,t), and its FGS
language G'L(S2, d2, p), which is equivalent to the set of all two terminal series parallel
graphs (T'TSP graphs). Every TTSP graph has treewidth at most 2.

=
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Definition 6 (Chomsky normal form). Let fo be a ground term graph of one
vertex or two vertices with one edge, fi a term graph with two hyperedges and no
edge, and fo, f3 star term graphs. Let pg,p1,p2,ps be unary predicate symbols.
A regular FGS (S,0) is in Chomsky normal form if every graph rewriting rule
of S is of the form.

— Terminal rule: po(fo) <,
— Unary rule: p1(f1) < p2(f2).
— Binary rule: p1(f1) < p2(f2), p3(f3).

The regular FGS in Figs. 3 and 4 is written in Chomsky normal form.

We say that a term graph g is connected if for any two vertices v and v of
g, there is a sequence of vertices vo(= u),v1, ..., v, (= v) for an integer m such
that for all ¢ (0 < ¢ < m — 1), v; and v;41 are contained in the same edge or
hyperedge. In this paper, we assume that all term graphs are connected.

Graph grammar has been defined in various ways. One of the famous
context-free graph grammars is a hyperedge replacement grammar (HRG) [4].
Uchida et al. [10] showed that a class of graphs is generated by an HRG if and
only if it is defined by a regular FGS. This result shows that regular FGSs can
generate interesting graph classes including trees, two-terminal series parallel
graphs (in Fig. 4), and so on.

In the research of HRGs, Lautemann [8] gave some conditions on either gram-
mar or input graphs whose parsing can be done in polynomial time. A parsing
algorithm due to Lautemann is known to be polynomial time for graphs that
are connected and of bounded degree. As a more precise characterization of the
algorithm’s complexity, Chiang et al. [1] showed that the parsing algorithm runs
in polynomial time if the maximum degree and treewidth of graphs in an HRG
are bounded by some constants. Hence, we conclude the following lemma:

Lemma 1 ([1,10]). Let (S,9) be a regular FGS and p a unary predicate sym-
bol. Given a ground term graph g, the problem of deciding whether or not
g € GL(S,0,p) is computed in O((3%n)“*+1) time, where n is the number of
vertices of g, d is the maximum degree of g, and w is the mazimum treewidth of
the term graphs in the heads of graph rewriting rules in S.

3 Learning Regular FGS with 1-Finite Context Property

We consider Gg.,(X, A) as a universal set (d,w > 0). A positive presentation of
a nonempty graph language L C Gg,,(X, A) is an infinite sequence g1, go, ... of
elements in L such that {g1,92,...} = L.

An inductive inference machine (IIM, for short) is an effective procedure, or
a certain type of Turing machine, which outputs a regular FGS and a predicate
symbol each time a ground term graph is given. Let L, C G4,,(X, A) be a target
graph language. We assume that an IIM has an access to an oracle Mem, who
answers membership queries. The query asks whether or not an arbitrary ground
term graph g is included in L. Let 7 = g1, g2,... be a positive presentation of
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L. An IIM outputs a regular FGS (.S;,9;) and a predicate symbol p; by using
membership queries each time a ground term graph g; in 7 is given. An IIM
is said to converge to a reqular FGS (S,0) and a predicate symbol p for T with
polynomial time update by using membership queries, if M outputs a regular
FGS (S;,0;) and a predicate symbol p; in polynomial time w.r.t. the sum of the
size of the given ground term graphs so far, i.e., [g1| + |g2| + - - - + |g:|, and there
exists a positive integer n > 1 with (S, dm) = (5, 9) and p,,, = p for any m > n.
Let C C 294.w(Z:4) he a class and L, € C. A class C is said to be identifiable in
the limit with polynomial time update by using membership queries from positive
data, if there exists an IIM M such that for any L, € C and any presentation 7
of L., M converges to a regular FGS (.59,¢) and a predicate symbol p for 7 with
GL(S,,p) = L. with polynomial time update by using membership queries.

Let g = (Vy, Eg, ¢g,%4,0,0,0) be a ground term graph and o = (vq,...,v¢)
a list of distinct vertices in V; (1 < € < |V4]). Let « be a new variable label in X
that does not appear so far. For the ground term graph fragment [g, o], we denote
by g(o) the term graph (Vy, Ey, @g,0g,{h}, Ag, portsy) where h = {v1,..., v},
Ag(h) =z, and ports,(h) = o. In order to make the argument casier, we assume
that ¢ has no isolated vertex. Let {E,, Eg} be a partition of E,;. Let V,, be the
set of all endpoints of edges in F, and V3 the set of all endpoints of edges in Fg.
Let o be one of the ordered lists of all vertices in V, NV3. We obtain two ground
term graph fragments [, o] and [3, o]. We easily see that a(o){z := [3,0]} and
B(o){x := [a, o]} are isomorphic to g.

For [, 04, [B,08] € F(X, A), we define an operation ® as follows:

alox){z = [B,0 if |oo| = |osl,
2w 0a] © |8, 0] = {m(zde}{ined hoal} otLeerise|. !

In Fig.5, we give an example of a and 8 by a partition of Ey of a ground
term graph g. Note that in general, [o, 0,] ® [8, 03] is not always equivalent to
[8,05] © [@, 04], because the vertex labels in the first operand always survive by
any binding. If ¢, (04) = vg(0s), [a,0a] © [B,058] = [5,08] © [, 0] holds.

Let d and w be constant nonnegative integers. For a nonempty finite set of
ground term graphs D C Gg.,(X, A), let

Sub(D) = {[8,08]) € Fau(X,A) | Ie,04] € Fauw(E, D], 0] @ [B,08] € DI},
Con(D) = {[a, 00] € Faw(X,4) | 3B,08] € Fauw(E, A)[[a,00] ©[B,05] € D]}

g a((v5,v3))

@ B
Vi %) V3 Vi Va V3 V2 V3 V1 V2 2 V3
QTP —0  @-eEp

Fig. 5. Two ground term graphs o and [ obtained from ¢ by a partition of Eg: It is
easy to see that a((ve,vs)){z := [, (v2,v3)]} is isomorphic to g.
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We give an example of Con(D) in Fig.6. It is easy to see that Con(D) C
Sub(D) holds. For any [3, 03] € Sub(D)\Con(D), there is a ground term graph
fragment [, 0] € Con(D) such that « is isomorphic to § via an isomorphism &
with £(0,) = 0p, ignoring the vertex labels in o,,. Thus, unlike string grammars,
we only use Con(D) to learn a target regular FGS language from positive data.
We have the following proposition:

Con({ @@ ) =
~ vy vy Vi vy V3
[¢.0] [a("u"z)] @%@ s (nv3) ] [ (Vl Vv)]
v V. V. Vi 12
(@TP-01 [@—@- 0] w 3] [ ). 020
v, Vs vy Vi V2 V3
FSB. 0] (@@ 0 0] (@ FD 0]
3 v, V3 Vi Vi je) V3 s
(FSB. )] (@@ @ 0] (G, )]
Vi V) V3 V2 vy ) V3
[ s (Vv @ @ @ V,v35v)) | e [@ @ (@ > (V3,29 ]
V1 Vs V3 V| v, V3 V) v, V3
\[ s )] [(@Q—@—@ > (v ] e [@—@—@ . ;) 1)

Fig. 6. An example of Con(D).

Proposition 1. Let D be a nonempty finite subset of G (X, A). Both |Sub(D)]
and [Con(D)| are of polynomial size w.r.t. 3 1|9l

Let (S,0) = ((X,A,X,II,I"),)) be a regular FGS. For a term graph f
and ¢ € II, if there are distinct [§(q)| vertices vi,...,v|5() in Vy such that

(0p(v1), ..., 01 (Vs(g))) = 0(q) and for any v € Vi\{vi,...,vj5()}, ¢r(v) is not
a member of §(q), we define golfl(é(q)) = (v1,... ,v‘(;(q”), otherwise we define

4,0;1(6(q)) = (). Let p,q in IT and [g,04] in Fy.,(X, A). We define

C(8.8,p,4.19.99) = {f € Gaw(Z,4) | [9,04] © [f, 07 (6(a))] € GL(S.4,p)}.

Definition 7 (1-FCP). Let (S,9) be a regular FGS and p,q unary predicate
symbols of S. A term graph fragment [g,04] is said to be a context of ¢ w.r.t.
(S.6,p) if C(S,8,p,q.l9,04]) = GL(S,9,q) holds. We say that (S,d,p) has the
1-finite context property (1-FCP) if every predicate q € IT has a context of it.

For the ground term graphs «, 3 in Fig. 5, [ , (v2,v3)] is a context of (2 2) and
8, (va, 113)] is a context of g(1,1) w.r.t. (53 (3) 53 ,p) in Fig. 7. We give an example

C(S’(g) 63 \D,4(2,1), |9, 04]) in Fig. 8 for some [g,0,]. We easily see that for any
d > 2, the regular FGS in Fig. 7 has the 1-finite context property (1-FCP).

Definition 8 (1-FCP regular FGS language class). 1-FCP-RFGSL(d, w)
denotes the set of all regular FGS languages L C Gg,,(X, A) that satisfies the
following conditions:
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23 = {a,S,t},Ag = {6}7X3 = {1‘,1317 . }7H(§d) = {p} U {q(’L,]> | 1 S ’Lm] S d}7
857 (p) = 00,65 (aiin) = (,t) (1 < 4,5 < d).

- 12 12 N
(@QxH@) «— Gaaf )
12 12 12
1
q(i1+iz-i1+i2)( oo )< qm,m( ), q(iz,jz)( )
1 2
foralli,, j,, iy, j,s.t. 1 <i,+i,<dand 1<j, +j,<d.
L=< vJ1 )2 170 J17 )2

1—2 1—2 1 2 1 2
q(i1~j2)( o @ ) < q(il,jl)( )7 q(iz,jz)()

forall iy, j, iy, jy s.t. 1 <4y j<dand 1 <j, +i,<d.

L ga.( O—>O) «— )
Fig. 7. A regular FGS (Séd),§§d>) = ((23,A3,X3,H§d),1"§d)),§§d>) that generates the

TTSP graphs of maximum degree d (d > 2): Predicates q(; j) generates all TTSP graphs
whose vertices labeled with s and ¢ are of degree at most i and j, respectively.

S, 5.0, p, g [ , vy)]) =
O—® F——0 GO—@—@—0
F——@—0 F—@——0 O—@——0

O 00 O—@—@—0—0

Fig. 8. C(55”, 85", p, a2y, [, (01, 03)]) = GL(S5”, 657, q(z.1)) holds, where (557, 55%)
is a regular FGS in Fig. 7. Thus, [v, (v1,v3)] is a context of g(z,1) w.r.t. (S§3),5§3),p).

1. L is definable by (S,0,p) = (X, A, X,II,I),8,p) that has the 1-FCP,

2. I' is written in Chomsky normal form, and

3. The treewidth of each term graph in I' is at most w. Therefore, the mazimum
length of ports of the hyperedges in I is also at most w + 1.

Let L. C Gg.(X, A) be a target regular FGS language. We give a learn-
ing algorithm for 1-FCP-RFGSL(d,w) in Algorithm 1, which is a process of
searching in Con(D) for contexts of the predicate symbols in L.. We construct
a regular FGS S(F,K) = (X, A, X, II, I"), pointer §, and initial predicate p as
follows:

- X =X'U{s1,...,5041}, where X' = {a | 3g; € D,Fv € V[ ¢4, (v) =a |}
and X' N {31, ey Sw+1} = @

~ A={a|3g;, € D,3e € E,[ ¢4 (e) =al}.

— X: We use a new variable label only when needed.

— II ={Ja,04] | [, 0a] € F C Con(D)}. Let [, ()] be the initial predicate p.

— 0, I': In Table 1, we describe the pointer d(¢q) for each predicate ¢ in IT and
the graph rewriting rules in I'. In the table, we use the following notations.
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Algorithm 1. Learn_1-FCP-RFGSL

1: Let K :=0, F := (;
2: forn=1,2,3,... do
3: Let D={g1,92,---,9n};
if D Z GL(S(F,K),d,p) then {By the parsing algorithm in [1].}
Let F := Con(D);
end if
Let K := Con(D);
output (S(F, K),J,p);
end for

Let k, ¢ be two positive integers (k < £) and Py ¢ the set of all list of k distinct
positive integers that are less than or equal to £. Let o = (¢1,...,4;) € Pr.o-
For a list of elements v = (vq,...,vp) (k < ), xo(v) denotes (vg,,...,ve,)
and Y, (v) denotes the list obtained from v by deleting vy, , ..., ve, .

The graph rewriting rule R; in Fig.9 is an example of the graph
rewriting rules constructed by Tablel for the target regular FGS language

GL(S 5% p).

Ry: [[=(V1’V3)I|()<—
@ e OFEO). (=, 02 (O 0 )

1 —2 1 —2 1 —2 1 —2
Ry don(® @ ©O) «<— Ge(Q—HD), 90, (OQ——D)

Fig.9. A graph rewriting rule Ry constructed by the second table in Table 1: This
graph rewriting rule corresponds to the rule Ro of (Ség), 5:(,,3)) in Fig. 7.

Theorem 1. Let d and w be constant integers greater than zero. The class 1-
FCP-RFGSL(d,w) is identifiable in the limit with polynomial time update by
using membership queries from positive data.

Proof. Let (S1,01,p1), (S2,02,02),-..,(Si,0i,pi),... be hypotheses output by
Algorithm 1, and (S;,9;,p:) = (X, A, X, I;,T}),0;,p;). We prove that there
exists a positive integer k such that GL(S,, d,,p,) = L. for any integer n > k.
Let (S, 0.) = (X, A, X, I, I),d.) be a regular FGS and p. a predicate sym-
bol in I1, with L, = GL(S,d.,p«). Let G; be a ground term graph given to
Algorithm 1 at the i-th time, and D; = {G1,Ga,...,G;}. From the property of
positive presentations, there exists a positive integer n > 1 such that Con(D,,)
has a ground term graph fragment [g, o,] with C(S4, d«, D+, ¢, 9) = GL(Sx, 64, q)
for any q € II.. From the n-th input and after, for any predicate symbol ¢ € I1,,
Algorithm 1 has a ground term graph fragment corresponding to ¢q. Thus, any
graph rewriting rule in I, is included in I, for any m > n. It follows that
L. C GL(Sm, Om,pm) for any m > n.
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Table 1. (S(F, K), d, p): There are three types of terminal rules and one type of binary
rule. Each graph rewriting rule is created if the corresponding condition is satisfied. All
conditions can be determined by asking to the membership oracle Memp,. The unary
rules can be constructed in a similar way to the binary rules. We omit its detail.

Terminal rules po(fo) < in (S(F, K), 6, p):

Do 6(po) fo Condition
[[gO,UgUH (81) ({’01}, ®7 ®, Q)a ®7 ®7 ()) [907 UQO] © [fov (Ul)] € L.
log| =1 e(v1) = 81
lgo, 090l (s1) |({v1,v2}, {(v1,v2)},0,9,0,0,0)| [90,09,] © [fo, (v1)] € L
log| =1 p(v1) = s1,0(v2) € X
[[govaguﬂ (51752) ({’U1,’02}, {(Ul,vz)},gﬁ,’d)7®,@, ()) [goaago] © [an (’Ul,’Ug)] € L,
log| =2 p(v1) = s1,p(v2) = 52

Binary rules p1(f1) < p2(f2), p3(f3) in (S(F,K),$,p)

pi (1=2,3)|6(pi) (1 =2,3) fi (1=2,3,7=1,...,4)

lgi,o4;] (815---58¢,) |fi = w1,y vi},0,0i,0,{hi}, \i, port;), where

log| =4 @i (Vi) = 85, A2 (h2) # As(hs), portsi(hi)lj] = vi-

P1 8(p1) f1

Hgl7o-91]] (517" . 5851) fl = [f27X02(port52(h2))}®[f37X03(p071t53(h3))}7 where

log, | =l 0i € Pi,portsi(h;)| (i = 2,3) for some k. Let v =
portss, (h2) - Xos (portsy, (hs)) and o1 € Py, |y The ver-
tices in v are relabeled so that xo, (V) = (s1,...,5¢,)
and Y, (v) € X'1-4,

Condition

For V[r2,04,], [13,0+] € K, if [g2,04,] © [T2,0r,] € Ly and [g3, 045] @ [73,075] € L,
then [915091] © [[TQ?XUQ(O-"?H © [7—3,X03(0"F3)Lﬂ € L., where § = X, (XGQ(Ufz) :
Xoa(0rs))-

We assume that for any n > 1, there exists a positive integer m > n
such that GL(Spm,0m,pm) € L«. Then there exists a ground term graph G’ €
GL(Sm, 6m,Pm)\L«. Since G' € GL(Sy,, dm,Pm), there exist a graph rewriting
rule pi(f1) < p2(f2),p3(fs) in I}, and ground term graph fragments [ps,0),]
and [p3, 0,,] such that [g2,04,] ©[p2,0,,] € Ly, [93, 04,1 ©[p3,0,,] € L, and G’ is
iSOHlOI'phiC to [917 Jg1]® [[pQ, Xoo (O—PQ )] Q[p37 Xos (gpa)] ’ 6], where b1, P2 and ps cor-
respond to [g1, 0g,], [g2,04,] and [g3, 04,], respectively. There exist ground term
graph fragments [12,05,], [13,0.,] € K = Con(Dy) with [g2,04,] © [T2,04,] € Ly,
[93?093} © [7—3’ O-Tz} € L, and [91’091] © [[T27 Xo2 (072>] © [737X03(UT3)]’€] g L, for
some positive integer £. Thus, p1(f1) < p2(f2), p3(f3) is removed from Ip. This
contradicts that p1(f1) <« p2(f2),ps(f3) in I},. Therefore, we can show that
there exists a positive integer k such that GL(Sy,0,,p,) = L. for any integer
n > k. From Proposition 1, |Con(D,,)| is of polynomial size w.r.t. Y ., |G;| at
the n-th step. Thus, from Lemma 1, the n-th hypothesis (Sy, dp,pn) is output
by Algorithm 1 with polynomial update time w.r.t Y ., |G;l. O
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4 Conclusions

We have considered the problem of learning FGS languages from the viewpoint
of the computational learning theory. First, we introduced the class 1-FCP-
RFGSL of regular FGS languages of bounded degree and treewidth with 1-
finite context property (1-FCP). We also presented an algorithm for learning
class 1-FCP-RFGSL by using current distributional learning techniques [11].
Finally, we showed that class 1-FCP-RFGSL can be identifiable in the limit
with polynomial time update by using membership queries from positive data.
This result will lead us to develop new techniques for learning other classes of
FGS languages with distributional properties.

Clark et al. [2,3] and Yoshinaka [11,12] discussed the learnabilities of the class
of languages of context-free grammars with the finite kernel property (FKP) and
finite context property (FCP). As future work, we will consider the polynomial
time learnabilities of the class of regular FGS languages with the FKP and FCP.
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