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For a phrase structure grammar G an algebraic approach is used for repre-
senting the structural derivations of the grammar. This representation yields
the canonical derivations of elements of L(G). It is shown that if all “right-
canonical” derivations of all elements of L(G) are such that the number of
“nonrightmost” derivations between ‘‘rightmost’’ derivations is bounded, then
L(G) is context-free. -

INTRODUCTION

In a recent paper, Book (1973) remarked that there is no convenient
specification of a structural description of generation by a context-sensitive
grammar. He has noted the use of a derivation tree as a structural description
for generation by a context-free grammar and the lack of a similar mechanism
for describing context-sensitive generation.

An algebraic approach, which yields a unique algebraic expression over a
set of symbols from the alphabet of the grammar, is presented here. The
expression yields not only a structural description of a derivation but also
the canonical derivation associated with the description. In the algebraic
representation it is possible in one linear expression to observe the contextual
interaction of symbols as a string is generated by the grammar. As an indica-
tion of the utility of this approach, it is used to describe a condition under
which the language generated by a phrase structure grammar® will be
context-free.?

1 A phrase structure grammar is a system G = {Vy, Vi, P, S>, where VN V¢ = @,
Vy is a finite set of nonterminal symbols, Vy a set of terminal symbols, and 7 =
Vy W Vy is the alphabet of G. For A the empty string, ¥+ the closure of V' under
catenation, and V* = V+ U {4}, P C V+ X V* is the set of productions of G. The
string mow derives the string #rw, written mow = 77w, if there exists a production
¢ — = in P. 'The reflexive transitive closure of = js written as %-. The language

generated by G s L(G) = {x |x e V¥, S % &} (cf. Hopcroft and Ullman, 1969).
2 A phrase structure grammar is context-free if P C Vy X V*.
252
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1. ALGEBRAIC PRELIMINARIES

For a phrase structure grammar we wish to obtain the structural descrip-
tions generated by the grammar. A number of different approaches have
been taken both for context-free grammars (Chomsky and Schiitzenburger,
1961; Weiss, Magé, and Stanat, 1973; Thatcher, 1967) and phrase structure
grammars (Griffiths, 1968; Loeckx, 1970; Eickel and Loeckx, 1972; Hart, 1974).

As a means of demonstrating the existence of ambiguous derivations for a
context-free grammar, Chomsky and Schiitzenberger (1961) presented a
formal power series representation for the derivations of a context-free
grammar. In the power series representation, each element of V,;* occurs
with a coefficient that indicates the degree of ambiguity with which the
grammar generates a string. Also for context-free grammars, Weiss, Magé,
and Stanat (1972) represented algebraically not only the existence of an element
x in L(G) but actually the sequence(s) of derivations by which x is generated.
Corresponding to x € L(G) is a formal sum such that each term in the formal
sum represents a derivation sequence for x.

In presenting a structural description of a phrase structure grammar a
more complex representation becomes necessary. For a context-free grammar
G, L(G) may be generated by derivations in which the leftmost terminal is
always rewritten. For a phrase structure grammar G, if L(G) is not context-
free, then G cannot generate L(G) by only leftmost derivations (Evey, 1963;
Matthews, 1963). Thus, a canonical form for derivation by a phrase structure
grammar cannot be leftmost derivation. The definition of canonical derivation
to be used here is one that has appeared in several equivalent forms (Griffiths,
1968; Loeckx, 1970). It requires that a derivation be as near leftmost (or
rightmost), as possible in a manner to become more explicit later.

In the structural description to be presented, each production of a grammar
will be represented by an element of the free monoid3#” = (VU VU {[, )%,
catenation, /)* with the convention that AB = BA. As an example the
production 4B — CxDy will be represented by

[ABCxDy| = [ABjDiCle .

Elements of #” will become polynomials in a semiring® #(#") of poly-
nomials such that (1) each polynomial is a formal sum (under -}-) of terms;

8 A monoid <4, -, 1> is closed under the associative operation - and has identity 1.

"V ={5|ve V)

® A semiring is an algebrajc system ¢S, +, -, 0> such that <S, -+, 0> is a commutative
monoid, {5, -> is closed under the associative operation -, and the operator - distributes
over .



254 ROBERT L. CANNON

(2) each term is of the form cp, where ¢ is in the Boolean semiring %% of
coefficients; (3) 8L + ¢{ = (b + ¢)¢, (bn) - (¢0) = (be)(nl), b, c € B, m, L e W,
and (4) addition and multiplication of polynomials are performed in the usual
manner consistent with (3).

All coefficients of elements of Z(#") are either I or 0. By convention the
terms with coefficient 0 will not be written and in the other terms the 7 will
not explicitly appear. If p is a polynomial of Z(#") the use of « € p will indicate
that « is a term of p.

As an example the productions S — @, § — XY, SX — a¥ of a grammar
would yield the polynomial [A] + [Sa] + [SYX] + [SXYa] € 4(¥)
associated with S.

For G a context-free grammar and I an index set” for the productions of P,
a sequence of indices from I would be suficient for describing the canonical
(leftmost) derivations of a word x €L(G). As mentioned earlier, however,
a non-context-free grammar G cannot generate L(G) only by the use of
leftmost derivations. Therefore, a sequence of indices from 7 is insufficient
for describing generation by a phrase structure grammar. Additional informa-
tion about the position of the string next to be rewritten must also be given.
This paper gives an algebraic approach to describing that position and of
observing the use of context in rewriting a symbol.

Terms in a polynomial in Z(#") will represent potential derivations from a
grammar G. Brackets in the term will assist in determining the position of the
left side of a production when the left side is rewritten. If, after the brackets
are removed, the remaining term cancels in the half-group D) 8 generated
by VU T, then S % .

As an example, the string

[S[SCBA[ABg|qCrg] ALAP]I € (W)
when debracketized yields

SSCBAABgqCrgAAp = 7§p = pgr € Dy
and will correspond to the “right canonical” derivation

S = ABC S — ABC
= AqC AB — Agq

= Agr qC — gr
= pqr A — p.
8 % = <{0,1}, 4+, -, 0> isasemiringsuchthat ] + x=1-1=1,0-x=0-4+0=20

for x {0, 1}.

I={01.,72— 1} P= {PO_}PI 3eens Pn—-l}~

¢ Dy is the half-group {(V L V)*, +, 4> with the relation gv = 4 for all v V.
The Dyck set on the alphabet I is a subhalf-group of Dy .
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2. A STrRUCTURAL DESCRIPTION AND CANONICAL FORM

For G=<{Vy, Vs, P, S, a phrase structure grammar, and V =
Vx U 7y the alphabet of G, let #° be the monoid <V UV U{[, )%
catenation, A), [, ] ¢ V. Define

h: V()
such that

1. [A]is aterm in A(x)
2. [Xof]isaterm in k(x) for all X € V such that Xa — Bisin P
3. There are no other terms in A(X).°

As an example, for the grammar
G=<IVy,Vs, PS>
Ve =1{S,4,B,C, D}
Vi ={x5, %
P=S—->ABCD, 4— %, BD —yD, C— A, D — z},

(1

the mapping / would be defined as follows:

h: S+ A - [SDCBA]
Ar> A+ [AF]
B> 4 4 [BDDY]
Ci—~> A4 1]C)
D~ A4 + [Dz]
x> A
y—> 4

g A
For ag XXy =" @y Xptms in ¥, X, €V,
qe(VulV u{[,H)*
o 7 [B, e (VUi 1%

? For a context-free grammar in Greibach normal form, Greibach (1973) constructs
terms in an expression such that all terms represent productions which share the left-
most symbol of the right side in common, rather than the leftmost symbol of the left
side, as given here.
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define
W — R(H)

8: OLUXOOQXI T Oy 4m°‘m+1
m i~1 . o m o
= <(2 O‘a‘Xa') o Xh(X;) ( Z O‘an') 0‘m+1)-
i=0 \\j=0 =41

Thus, 8 inserts A(X;) into the string immediately to the right of X; . This is
done for each occurrence of a symbol from V. Clearly, § can be extended to
a homomorphism

8: R(WY — R(H).
As an example for the grammar in (1),

8: [S]+— [S] -+ [S[SDCBA]].
A map
VUV U{,}— Dy

is defined by

x if xel

FEUA i wel[, ]

Thus, ¢ erases the brackets and maps elements of VU VU {[, ]} into the
half-group D,. ¢ may be extended to a homomorphism of Z(#") into Z(D)).
Moreover, for any polynomial « in Z(#"), ¢(«) allows left cancellation in D),
of the elements of V' by the elements of V.

Continuing the example above

$8:[S]+> S + DCBA, (DCBA — ABCD),

and this polynomial represents two derivations from S: the null derivation
S % S and the derivation S = ABCD.

In like manner
82: [S]+ [S] + [S[SDCBA]] + [S[SD[Dz] CBA])
-+ [S[SDC[C] BA]] + [S[SDCB[BDDy] A1)
+ [S[SDCBA[A]]] 2
$82: [S1+— S -~ DCBA + 2CBA -+ DBA + DCDD3A4 + DCBx.  (3)
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TABLE 1

257

Summands in 8%[S]) and Their Associated Derivations

Summands in Associated summands Associated
82([S)) in $8%([ST) derivation

5] S Si 5

[SLSDCBAT DCBA S = ABCD

[S[SD[D£]CBA] 3CB4 S = ABCD = ABCz

(S1SbC[c1B4N DBA S = ABCD = ABD

[S[SDCB[BDD#4]] DCDDy A4 None

[S[SDCBA[Ax11] DCB S = ABCD = xBCD

TABLE 11

Summands in 83([.S]) and Their Associated Derivations

Summands in Associated summands Associated
83([SD in ¢83([ST) derivation

5] N Skt g
[SISDCBAN DCBA S = ABCD
[SISD[Dz]CBA]] 2CBA S = ABCD = ABC=z
[S[SDCIC1BAI] DBA S = ABCD = ABD
[SISDCB{BDD# 41} DbCDDyA None
[S[SDCBALAx1] DCBz S = ABCD = xBCD
[S[SDIDz]C[C1B Al 8B4 S = ABCD = ABCz - ABz
[S[SD[Dz1CBIBDDH14]] 2CDD5A None
[S[SD[Dz1CBA[4#11] 3CBz S = ABCD = ABCz = xBCz
[SISDCICIB[BDD#A4]] Dy A S = ABCD = ABD = AyD
[SISDCICIBALAz11] DBz S = ABCD = ABD = xBD
[SISDCB[BDD51A[Ax]]] DCDDy# None
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The relationship between the summands in (3) and derivations for G is given
in Table I.
If 8 is applied once more to [S], then

8%: [S] — 8([S)) -+ [S[SD[Dz] C[C] BA]]
+ [S[SD[Dz] CB{BDDy] 4]] -+ [S[SD[Dz] CBA[AZ]]]
+ [S[SDCIC] BIBDD3) A1] + [SISDCIC] BALAFT]]

+ [S[SDCB[BDDy] A[A%]]]. )

Table II shows for each term in (4) the associated term in D, and the
associated derivation.

Note that the left brackets of a summand in %(#") indicate application of
a production and that these may be interpreted from left to right. An example
from (4) is the following:

[S[SDC[C|B{BDDy]A]]

NN 0

S = ABCD = ABD = AyD

Thus, in (5) the symbol C is erased before application of the production
BD = yD.

A problem arises with the term [S[SDC[BDDy] A]] in (2). The expression
implies the rewriting of BD as Dy prior to the erasure of C. Incorrect use of
context becomes apparent when the expression is mapped into D, , for

¢: [SISDCB[BDDy] A]] —~ DCDDyA.

The presence of a nonbarred symbol in a term of a polynomial in #(D,) will
indicate an invalid term in Z(#"). This situation is remedied by erasing such
terms from the polynomial. The mapping ¢ will accomplish that erasure.
Define

e: A(Dy)— Z(Dy)
such that

« if aelP*

€ o> .
A otherwise.

Lastly, define
0: RH) — BH)
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such that for £ a summand in Z(¥")

pees PO O =93

otherwise.

"The mapping  performs an iteration of 8 and erases from Z(#") any element
that does not yield a string of symbols over V after removing the brackets and
using the left-cancellation property of the half-group Dy . This requirement
is similar to that imposed upon a *‘quick-cancel” derivation of Savitch (1973).
Thus,

8([S]) = [S] + [S[SDCBA]]
3([S]) = 0(LS]) + [S[SD[D#] CBA]] + [S[SDC[C] BA]]
+ [S[SDCBA[A%]]]
63((S1) = 6x([S]) + [S[SD[D=] C[C] BA]] + [S[SD[Dz] CBA[A=]]]
+ [S[SDCIC] B[BDDy) A]]
04L.S]) = 0%([S]) -+ [S[SD[Dz] C[C] BA[Ax]]]
-+ [S[SDC[C] B[BDPD[Dz] 5] A]]
-+ [SISDCIC] BIBDDy) A[4#]]]
63([S]) = 0%([S]) -+ [S[SDCIC] B[BDD[Dz] 5] A[Ax]]].

The new summand introduced into 6%([S]) is a rightmost-except-for-context
derivation of xyz from .S, represented as follows:

[S[SDC[C]B[BDD[Dz] y1A[ A%1]]

|

S = ABCD = ABD = AyD = Ayz = xy=z.

The mapping 6, when iterated, yields all the sentential forms that can be
generated by a grammar. Moreover, the summands in Z(#) satisfy a canonical
form for describing generation. The form may be characterized by the restric-
tion that all derivations are rightmost except that any symbol to the right of
any one being rewritten or used for context is allowed to remain in a sentential
form as long and only as long it is required for context in a subsequent
derivation. This is the definition given originally by Griffiths (1968) and in an
equivalent form by Loeckx (1970).

It will first be shown that iteration of 6 yields exactly the sentential forms
which can be generated by a grammar.,
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TreoreM 1. Let G =<Vy,V;,P,S) be a grammar. A string B in
VuTlYyisa sentential form for G if and only if there exists a summand o in

B(Y") with $(o) = B and an integer n(n > 0) such that « is a summand of
65([S]) for all k = n. '

Proof. Assume that « is a summand in 6%([S]) for all 2 > n. The proof is
by induction on #.

Basis. Let « be a summand in §%([S]) for every 2 > 1. Then

o = [S[SEI,
representing the production S — . Note that
$o) - f =Ppp = A

Thus, the sentential form f is represented by the term a.

Induction. Assume o is a summand in 0%([S]), for every k >n + 1.
Then there is a string § in V* such that

$(o) - B =4

Moreover, there is a string y in 8*([S]) such that §(y) = a. By the inductive
assumption y represents a sentential form. Thus there is a string { in J'*+ such
that ¢(y) - { = A4, and S % {. The string y may be written as

v = o Xoy Xy o XpPomsa »

where X, € V,0 <i <m, pse(VU{l, D% m %, 0 <j<m+ 1 Now

)= 3

1==0 j

—1 m
M‘Xa‘) 1 XA X) ( )y WXJ') ‘“mﬂ)’
=0 G=i1
and thus
o = o Xi(X)r, o, TEW.

But o is an element of 8(y) only if $5(y) is in ¥*. This implies that the elements
of V that were inserted into the string y have been canceled by the elements of
V which were already in the string y. Thus, the proper context was available
for rewriting the sentential form represented by y. Thus, if « is in 6(y), then
all contextual requirements have been satisfied, so that there exists £ in
7+ such that ¢(a) - € = 4, and S % £ Thus, ¢ is a sentential form.
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T'o prove the converse, assume f§ to be a sentential form for G. It must be
shown that for some integer 7 there is a summand « in 6%([S]) such that
#() - B = A and « is a summand of 6%([S]) for all & > n. The proof will be
by induction upon the length of the derivation

S pi= = pu=F

Basis. If S = f, then S—> 8 is a production of the graramar. Thus
S is a summand of A(S), so that [S[SB]] is a summand of §([S]) and
$S([S]) = SSB = B. Letting a = [S[SB]], then « is a summand of #{([S]).
Since A is a summand of A(X) for all X in ¥V, « is then a summand of §%([S])
forall 2 > 1.

Induction. Let y be a sentential form. There is a sequence S = y; =
Yy = = y, = y of derjvations for y. Assume the proposition true for all
derivations of length < k. By the inductive assumption there is a term [ and
an integer n such that ¢({) - y, = 4 and { is a summand of #/([S]) for all
j = n. The derivation y;, = y may be written as

v = pXov =y wv,ce V¥ XeV,

where Xo — 7 is a production from P. Since ¢({) -y, = 4, it follows that
#() = w6 Xji. There is a summand [Xo7] in A(X) corresponding to the
production Xo — + used to rewrite y, as y. Thus, for the summand { in
8(1S)) ’
#(3(0)) = o X Xo7p

= VT,

so that
HB(E)) -y = VTppy
= .

Because 4 is a summand of #(X) for all X € ¥, any summand in #*([S)) is
in 0%([ST) for all 2 = n. |

Next it will be shown that the algebraic representation includes not only all
the derivations of a word in L(G) but also exactly the ones that are canonical
in the sense of Griffiths (1968).

DrrinNTTioN. A sequence of derivations such that if all derivations in a
derivation sequence are of the form wow = mrw = 7'd’'w’ = 7'7’'w’ then
lw] <|w' | — |0 [Wis called a right-canonical derivation sequence.

10 | o | is the length of the string «.
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THEOREM 2. The algebraic expression « for a sentential form f represents
the set of right-canonical derivations of B.

Proof. Consider a term &Xninafor & {,ne W, xeV,n % [p,pe? .
"The mapping 6 when applied to this term will substitute £(X) immediately to
the right of X. Assume moreover that £ is the longest substring of the term
such that no symbols in ¢ cancel symbols in A(X). Thus ¢(§) = w,$((X) = o.

Now consider a second application of & (under the assumption that the
term £{XA(X)n represents a valid derivation sequence). Thus, it may be
assumed that §{XA(X)n = €UV with &, U, n e# ", YeV,y #[p,pe¥,
and ¢ satisfying the same condition with respect to A(Y) as satisfied by £
with respect to #(X). Application of § yields &%'YA(Y)y'. For this term,
B() = &' and ¢(y'Y) = .

The requirement that the derivation be canonical is thus |¢(£)| <
[ (&) -+ | $(L'Y). This is equivalent to | & | << | & | + | €Y | since ¢ only
serves to erase pairs of symbols. If | €| > | & | + | {'Y |, then X is already
present as a symbol in & Thus, 6 must also have substituted A(X) at the
right of X, and such a term must also be present in «. Any substitution to
the left of ¥ which is valid implies application of the production represented
by A(X) prior to application of the production represented by A(Y'). Thus, it is
impossible for any term in « to represent a derivation which is not right-
canonical. |

The algebraic representation has thus yielded an expression that gives the
set of right-canonical derivations for any sentential form that may be derived
from a phrase structure grammar.

3. GraMMARS GENERATING ONLY CONTEXT-FREE LANGUAGES

The use of context in generation of a non-context-free language is not well
understood. Book (1973) discusses a number of such efforts. They can be
classified as studies of the use of context for “passing messages,” restrictions
upon the form of an arbitrary grammar, or restrictions upon the manner in
which the rewriting rules of a grammar may be applied. New results in this
paper fall into the first category.

Evey (1963) and Matthews (1963) showed that if the condition that
a derivation be “‘rightmost” (“leftmost™) is relaxed to the extent that produc-
tions of the grammar may be applied within some fixed distance of the right-
most (leftmost) nonterminal symbol in a sentential form, then the grammar
still generates a context-free language. A result given here for a grammar is
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that if in a right-canonical derivation sequence the number of “nonrightmost”
derivations performed between ‘‘rightmost” derivations is less than some
positive integer &, then L(G) is context-free.

Drrintrion. Let G = (Vy, Vi, P, S) be a grammar. Let o, a term in a
polynomial in Z(#"), represent a sentential form for G. Let y represent an
occurrence of a symbol ¥ in «, &€ V. For the set of natural numbers N, a
function d: V- N is defined such that if y represents the occurrence of a
symbol X in «, ¥ € V, then

d(y) =0 if the occurrence of & represented by y is not canceled
in $(s)
= 2+ the number of symbols separating the occurrence of ¥
represented by v and the occurrence of the symbol
which cancels it in ¢(a).

For , 2 symbol in «, ¥ € V, the scope of X in « is
p%) == max{d(y) | ¥ represents an occurrence of the symbol ¥ in «}.
The scope of «in G is
pe(®) = max{p(¥) | ¥ 2 symbol in «, ¥ T}.
The scope of G 1s »
o(G) = max{ps(«) | « a summand in Z(#") representing a sentential form}.

The scope of a grammar is the maximum number of symbols separating the
occurrence of a symbol x and the symbol that cancels it in a term representing
a sentential form of the grammar. This maximum is over all terms repre-
senting sentential forms of G.

Lemma 1. Let n be a positive integer. Let « be a term of a polynomial in
RN representing a sentential form for G. If po{a) = 2n, then for any symbol
from V involved in any application of a rewriting rule of G, the distance of that
symbol from the rightmost symbol ever again to be rewritten or used for context
in the application of a rewriting rule is less than or equal o n — 1.

Proof. By induction on 7.

Basis. Forn = 1, « is of the form

643/29/3-6
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If o had this form, then all rules of G would be of the form X — & The
grammar would be context-free, and the canonical derivation would always
rewrite the rightmost symbol. Thus, the distance of the symbol being rewritten
from the rightmost symbol would be zero.

Induction. Assume the lemma true for = k. Thus pg(«) = 2k. Consider
a substring of « of the form

o T T e
N—— T ———

2k symbols

The symbol Z represents the rightmost symbol ever again to be involved in
the application of a rewriting rule of G. A production of the form

Y, Y Z—¢
would be represented by

Z?k—l 171Y1 Yk—1ZZ

2k symbols

Clearly the distance between Y, and Z is & — 1.
If two additional symbols are added, then in the worst case the substring of
a would be of the form

ZY g - Y WWYy - Vi ZE,

and the distance between W and Z would be .
Thus, distance is bounded by scope. |

TueoreMm 3. Let G = <Vy,Vy,P, Sy be a grammar. If there exists a
positive integer k such that for all right-canonical derivations of elements of
L(G), p(G) < k&, then L(G) is contexi-free.

Proof. For an arbitrary grammar G, if the distance of the symbols being
rewritten is a bounded distance from the rightmost symbol ever again to be
rewritten, then L(G) is context-free (Evey, 1963; Matthews, 1963). By
Lemma 1, bounded scope implies that any symbol involved in a step of a
derivation is a bounded distance from the rightmost symbol ever again to be
rewritten. Thus, L(G) is context-free. ||

The above condition is sufficient but not necessary. As an example consider
the grammar.
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G:<VN7VT)P’S>
Vy=1{S, X, Y}

Ve ={c}
P={S—>¢S—>XY, XY XYY, X—c cY—cc

The scope of G is unbounded, yet L(G) = {¢" | n > 1}.

As a corollary to Theorem 3, it can now be shown that if the number of
“nonrightmost” derivations between ‘‘rightmost” derivations is bounded
then the right-canonical derivations of G generate a context-free language.

Derinition. Let G = (Vy, V¢, P, 8> be a grammar. Let weL(G).
In a right-canonical derivation

S*babﬁéw

for w, a step in the derivation « = f is rightmost if o = nab, f = 970, 7,
0 e V*, g,7€ V* and there does not exist a symbol & V in the string 4
that is either rewritten or used as context in any later application of a rewriting
rule. A derivation in the sequence S *- w is nonrightmost if it is not rightmost.

CoroLLarY. Let G =<V, Vy, P, S be a grammar. If there exists a
positive integer k such that for each w € L(G) and each right-canonical derivation
for w the number of nonrightmost derivations occurying between rightmost
derivations is less than k, then L(G) is context-free.

Proof. In the algebraic representation for a right-canonical derivation
any symbol X which is rewritten or used for context appears as «*+ X -+ X +--,
Any symbol to the right of X involved in a later rewriting would appear as

The expression can be broken up into sections, each of which represents a
return to the rightmost symbol of the sentential form

If each of these “‘sections” has bounded scope then the scope of the grammar
is bounded.

Assume that the number of symbols used to represent any derivation of G
is no more than j. By hypothesis the number of nonrightmost derivations
between rightmost derivations is no more than k. Thus, each “section”
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contains no more than j(k 4 1) symbols, and p(G) < j{k 4 1). Hence L(G) is
context-free. |

Theorem 3 and Lemma 1 give yet another means of studying the manner in
which information is passed around in the sentential forms of a derivation
sequence. The restriction to the right-canonical form of any derivation serves,
of course, to limit the distance of the symbols being rewritten from the
leftmost or rightmost symbols ever again to be involved in a derivation.
Still, it is now clear that there cannot be arbitrarily many nonrightmost
derivations between rightmost derivations if the right-canonical derivations
of a grammar are to generate a context-free language.

Whether an arbitrary number of steps of a derivation may ‘“‘interact”
(Book, 1973) is still not known. It is hoped that the algebraic representation
given here will provide a basis for further investigation of that question.

S S

1
x
x
%
T,
o5}
x

X X

(a) (b)

Fic. 1. Syntactical graphs for two canonical derivations of xxxxx.
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