4.2.2 Forbidding ETOL Grammars

In this section, we discuss forbidding ETOL grammars (see [138]). First, we define forbid-
ding ETOL grammars. Then, we establish their generative power.

Definition 17. Let G = (V,T, P1,..., P, S) be a CETOL grammar. If every p = (a —
x, Per,For) € P;, where i = 1,...,t, satisfies Per = (), then G is said to be forbidding
ETOL grammar (an FETOL grammar for short). If G is a propagating FETOL grammar,
than G is said to be an FEPTOL grammar. If t =1, G is called an FEOL grammar. If G
is a propagating FEOL grammar, G is called an FEPOL grammar.

Convention 4. Let G = (V,T,Py,...,P;,S) be an FETOL grammar of degree (r,s).
Clearly, (¢ — x, Per,For) € P; implies Per = () for all i = 1,...,¢. By analogy with
sequential forbidding grammars, we thus omit the empty set in the productions. For
simplicity, we also say that G’s degree is s instead of (r, s).

The families of languages defined by FEOL grammars, FEPOL grammars, FETOL
grammars, and FEPTOL grammars of degree s are denoted by FEOL(s), FEPOL(s),
FETOL(s), and FEPTOL(s), respectively. Moreover,

FEPTOL = | JFEPTOL(s), =~ FETOL = | | FETOL(s),

s=0 s=0
[o.¢] [o.¢]

FEPOL = | | FEPOL(s), FEOL = | | FEOL(s).
s=0 s=0

Example 8. Let
G=({S,A,B,C,a,a,b},{a,b}, P,S)

be an FEPOL grammar, where

Obviously, G is an FEPOL grammar of degree 1. Observe that for every word from L(G),
there exists a derivation of the form

S = ABA
=qc aAbBaA
:>J(5 a™ tAY I Ba™ 1A
=qc a™ labm1Ca™ a
=g a™b"Ca™
:>JC§ a™b" 1 Ca™
=g a™b"a™,
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with 1 < m < n. Hence,
L(G) ={a™b"a™ : 1 <m <n}.

Note that L(G) ¢ EOL (see page 268 in Volume 1 of [158]); however, L(G) € FEPOL(1).
As a result, FEPOL grammars (of degree 1) are more powerful than ordinary EOL gram-
mars.

Next, we investigate the generative power of FETOL grammars of all degrees.

Theorem 36. FEPTOL(0) = EPTOL, FET0OL(0) = ETOL, FEPOL(0) = EPOL, and
FEOL(0) = EOL.

Proof. 1t follows from the definition of FETOL grammars. O

Lemmas 13, 14, 15, and 16 inspect the generative power of forbidding ETOL grammars
of degree 1. As a conclusion, in Theorem 37, we demonstrate that both FEPTOL(1) and
FETOL(1) grammars generate precisely the family of ETOL languages.

Lemma 13. EPTOL C FEPOL(1).

Proof. Let
G:(‘/Y,T,Pl,...,Pt,S)

be an EPTOL grammar, where ¢ > 1. Set
W={{ai):acV, i=1,...,t}

and
(i) = {{a,]) € W j # i),
Then, construct an FEPOL grammar of degree 1,

G =W\1P,S),

where
Vi=VUuUW, (VW =0),

and the set of productions P’ is defined as follows:

1. foreacha eV andi=1,...,t, add (a — {(a,1),0) to P’;

2. ifa—z€ P forsomeie{l,....t}),a€V,ze VT add ((a,i) — 2z, F(i)) to P’
Let us demonstrate that L(G) = L(G’).

Claim 23. For each derivation S =7, x, n >0,
(I) if n =2k +1 for some k>0, v € W;

(I1) if n = 2k for some k >0, z € V.
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Proof. The claim follows from the definition of P’. Indeed, every production in P’ is
either of the form (a — (a,i),0) or ({a,i) — 2, F(i)), where a € V, (a,i) € W, 2 € V1,
i€{l,...,t}. Since S €V,

S :é’f“ xr implies ze€ W™

and
S :>ék, z implies ze€V™;

thus, the claim holds. O
Define the finite substitution g from V* to (V')* such that for every a € V,
gla) ={a}U{{a,i) e W:i=1,...,t}.
Claim 24. S =¥, x if and only if S =7, o' for some 2’ € g(x), v € VT, 2/ € (V')F.

Proof.
Only If: By induction on n > 0, we show that for all z € VT,

S = x implies S =2 .

Basis: Let n = 0. Then, the only x is S; therefore, S :>0G S and also S =2, S.

Induction Hypothesis: Suppose that
S =¢ x implies S :é’? x

for all derivations of length n or less, for some n > 0.

Induction Step: Consider S :>g+l x. Because n 4+ 1 > 1, we can express
S :>g+1 T

as
S =6y =c[p1,p2, 0
such that y € V', g = |y|, and p; € P, for all j =1,...,¢ and some i € {1,...,t}. By the
induction hypothesis,
S :%? 1.
Suppose that y = ajas...aq, aj € V. Let G' make the derivation

S :>é7} aiag .. .aq
= (a1,i){az,i) ... (ag, 1) [p},p3,-..,D]
= 21%2...% [pY,p5, - 1q]

where p; = (a; — (a;,4),0) and p} = ({a;,i) — zj, F(i)) such that p; = a; — 2z;, z; € VT,
for all j =1,...,q. Then, z122...2, = x and, therefore,

S :>2(n+1)

' x.
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If: The converse implication is established by induction on the length of derivations in
G’. We prove that
S = ¢/ implies S =¢

for some 2’ € g(z), n > 0.
Basis: Forn =0, S =%, S and S :>% S; clearly, S € g(S).

Induction Hypothesis: Assume that there exists a natural number m such that the claim
holds for every 0 < n < m.

Induction Step: Let
S :>gl,+1 2.

Express this derivation as
S =6y =a 2 P05, Pyl

where y' € (V')", ¢ = |y/|, and p}, ph, .. ., ), is a sequence of productions from P’. By the
induction hypothesis,
S =6

where y € VT, ¢/ € g(y). Claim 23 says that there exist the following two cases:
(i) Let m = 2k for some k > 0. Then, y' € VT, 2/ € W™, and every production
p;' = (aj - <aj7i>7®)7

where a; € V, (aj,i) € W, i € {1,...,t}. In this case, (a;,i) € g(a;) for every a;
and any i (see the definition of g); hence, 2’ € g(y) as well.

(i) Let m = 2k + 1. Then, y' € W, 2’ € V™, and each p/ is of the form
p; = ({aj,9) — z;, F(i)),

where (a;,i) € W, z; € V. Moreover, according to the forbidding conditions
of p, all {(a;,i) in y' have the same i. Thus, y' = (a1,7){az,7) ... (ag,i) for some
i€{l,...,thy=9¢ '(y) =aiaz...a, and @’ = z125...z,. By the definition of P/,

((aj,i) — zj, F(i)) € P' implies a; — zj € B,.

Therefore,
S =G aiay...aq = 2122 .. 2g [P1,D25 - - -1 Dg)s
where p; = a; — z; € P; such that p; = ((a;,9) — zj, F'(i)). Obviously, 2122...2, =
x=2a.
This completes the induction and establishes Claim 24. ]

By Claim 24, for any z € T,
S=¢x ifandonlyif S=7 =z

Therefore, L(G) = L(G"), so the lemma holds. O
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In order to simplify the notation in the following lemma, for a set of productions
PC{a—zF): aeV, zeV* FCV},
define
left(P) ={a: (a — z,F) € P}.
Informally, left(P) denotes the set of left-hand sides of all productions in P.
Lemma 14. FEPTOL(1) C EPTOL.

Proof. Let
G=WV,T,P,...,P,S)

be an FEPTOL grammar of degree 1, ¢ > 1. Let ) be the set of all subsets O C P;,
1 <4 <t,suchthat every (a — 2, F) € O,a €V, z€ VT, F CV, satisfies FNleft(0O) = .
Create a new set, @), so that for each O € Q, add

{a —2: (a— 2 F)e O}
to QQ'. Express
Q' ={Q1,-.-,Qn},
where m is the cardinality of Q’. Then, construct the EPTOL grammar

G =V.1,Q),...,Q..,9).

Basic Idea. To see the basic idea behind the construction of G’, consider a pair of
productions p; = (a1 — 21, F1) and py = (ag — 29, Fy) from P;, for some i € {1,...,t}.
During a single derivation step, p; and ps can concurrently rewrite a; and as provided that
as & Iy and a1 € Fy, respectively. Consider any O C P; containing no pair of productions
(a1 — z1,F1) and (ag — 29, Fy) such that a; € Fy or ag € Fy. Observe that for any
derivation step based on O, no production from O is blocked by its forbidding conditions;
thus, the conditions can be omitted. Formal proof is given next.

Claim 25. S =7 z if and only if S =7 x, z € V', n > 0.
Proof. The claim is proven by induction on the length of derivations.
Only If: By induction on n, n > 0, we prove that
S =¢ x implies S =¢
for all x € V'*.

Basis: Let n = 0. Then, S :>% S and S :>%, S.

Induction Hypothesis: Suppose that the claim holds for all derivations of length n or less,
for some n > 0.

Induction Step: Consider a derivation S :>g+1 x. Because n+1 > 1, there exists y € VT,
q = |y|, and a sequence p, ... ,p,, where p; € P, forall j =1,...,gand somei € {1,...,t},
such that

S=¢ty=a¢z[p1-..,Dq-
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By the induction hypothesis, S =7, y. Let O = {p; : 1 < j < ¢}. Observe that y =¢
x [p1,...,pq implies alph(y) = left(O). Moreover, every p; = (a — 2, F) € O, a € V,
z € VT, F CV, statisfies FNalph(y) = 0. Hence, (a — z, F) € O implies F Nleft(O) = (.
Inspect the definition of G’ to see that there exists

Q.={a—z2: (a— 2 F) €O}
for some r, 1 < r < m. Therefore,

S=>ky=¢z [p&,...,p;],
wherep; =a— z € Q) such that p; = (a — 2, F) € O, forall j =1,...,q.
If: The if-part demonstrates for every n > 0,

S =¢ x implies S =¢ x,
where x € V*.

Basis: Suppose that n = 0. Then, S :>%, S and S :>% S.

Induction Hypothesis: Assume that the claim holds for all derivations of length n or less,
for some n > 0.

Induction Step: Let
n+1

S = T

As n+1 > 1, there exists a derivation
S :>gl y :>G/ :L‘ [pll)"' ?p;]

such that y € V*, ¢ = |y|, each p; € Q. for some r € {1,...,m}, and, by the induction
hypothesis,
S =¢y.

Then, by the definition of Q! there exists P; and O C P; such that every (a — 2, F) € O,
a€V,ze VT FCV, statisfiesa — z € Q.. and Fnleft(O) = (). Since alph(y) C left(O),
(a — z,F) € O implies F Nalph(y) = (. Hence,

S=¢ty=¢zp1, .. .Dq)
where pj = (a = 2, F) € O forall j =1,...,q. O
From the above claim,
S =gz ifandonlyif S=7 x
for all z € T*. Consequently, L(G) = L(G"). O

The following two lemmas can be proven by analogy with Lemmas 13 and 14. The
details are left to the reader.

Lemma 15. ETOL C FEOL(1).
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Lemma 16. FETOL(1) C ETOL.

Theorem 37. FEPOL(1) = FEPTOL(1) = FEOL(1) = FETOL(1) = EPTOL =
ETOL.

Proof. By Lemmas 13 and 14, EPTOL C FEPOL(1) and FEPTOL(1) C EPTOL, re-
spectively. Since FEPOL(1) € FEPTOL(1), FEPOL(1) = FEPTOL(1) = EPTOL.
Analogously, from Lemmas 15 and 16, FEOL(1) = FETOL(1) = ETOL. However,
EPTOL = ETOL (see Theorem V.1.6 on page 239 in [156]). Therefore,

FEPOL(1) = FEPTOL(1) = FEOL(1) = FETOL(1) = EPTOL = ETOL;
thus, the theorem holds. O

Next, we investigate the generative power of FEPTOL grammars of degree 2. The
following lemma establishes a normal form for context-sensitive grammars so that the
grammars satisfying this form generate only sentential forms containing no nonterminal
from Ncg as the leftmost symbol of the string. We make use of this normal form in
Lemma 18.

Lemma 17. FEvery context-sensitive language, L € CS, can be generated by a context-
sensitive grammar, G = (N1UNcpUNesUT, T, P,S1), where N1, Nop, Ncg, and T are
pairwise disjoint alphabets, S1 € N1, and every production in P has one of the following
forms:

(i) AB — AC, where A € (N1 UN¢p), B € Ncg, C € Nor;
(ii) A — B, where A € Nop, B € Nos;
(iii) A — a, where A € (NyUN¢p), a €T;
(iv) A — C, where A,C € Nop;
(v) Ay — C1, where A;,Cy € Ny;
(vi) A — DE, where A,D,E € NoF;
(vii) Ay — Dy E, where A1,Dy € N1, E € Nop.

Proof. Let
G = (NC’F UNgsUT,T, P,, S)
be a context-sensitive grammar of the form defined in Lemma 4. From this grammar, we

construct a grammar
G = (N1 UNcrUNgsUT, T, P, Sl),

where
Ny = {Xl X € NCF}a
P = P/U{AlB—>A10:AB—>AC€P/,A,CENCF,BENcs,AlENl}

U{4A1 —a:A—a€ P A€ Nop,A1 € Nj,a T}
U {Al — Cy :AHCEP,,A,CE Norp, A1, Cy ENl}
U {Al —DWFE:A— DFE € P,,A,D,EENCF,Al,Dl € Nl}
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Basic Idea. G works by analogy with G’ except that in G’ every sentential form starts
with a symbol from N; UT followed by symbols that are not in V7. Notice, however, that
by AB — AC, G’ can never rewrite the leftmost symbol of any sentential form. Based
on these observations, it is rather easy to see that L(G) = L(G’); a formal proof of this
identity is left to the reader. As G is of the required form, Lemma 17 holds. O

Lemma 18. CS C FEPOL(2).

Proof. Let L be a context-sensitive language generated by a grammar
G= (N1 UNcrUNgsUT, T, P, Sl)

of the form of Lemma 17. Let

\%4 = Ni1UNcrpUNegUT,
Prg = {AB—>AC:AB—>AC€P,AE (N1UNCF),B€NCS,C€NCF},
Per = P - Fos.

Informally, Pog and Pop are the sets of context-sensitive and context-free productions in
P, respectively, and V denotes the total alphabet of G.

Let f be an arbitrary bijection from V to {1,...,m}, where m is the cardinality of V,
and let f~! be the inverse of f.

Construct an FEPOL grammar of degree 2,

G/ = (V,7T7 Plv Sl)7
with V' defined as

Wy = {(A,B,C): AB — AC € Pcg},

Wg = {<A,B,C,j>:AB—>ACEP05,1§j§m+1},
W = WyoUWg,

Vi = VUW.

where V', Wy, and Wy are pairwise disjoint alphabets. The set of productions P’ is defined
as follows:

1. for every X € V, add (X — X,0) to P’;
2. for every A — u € Pop, add (A — u, W) to P';
3. for every AB — AC € Pgg, add the following productions to P’:
(a) (B —(A,B,C),W);
(b) ((A,B,C) — (A,B,C,1),W — {(A, B,C)});
(c) ((A,B,C,j) — (A,B,C,j + 1), {f1(H)(A, B,C,j5)}) for all 1 < j < m such
that f(A) # j;
((A4,B,C, f(A)) = (A, B,C, f(A) +1),0);
((4,B,C;m +1) — C,{{A, B,C,m +1)*}).

(d)
()
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Basic Idea. Let us informally explain how G’ simulates the non-context-free productions
of the form AB — AC (see productions of (3) in the construction of P’). First, chosen
occurences of B are rewritten with (4, B,C) by (B — (A, B,C),W). The forbidding
condition of this production guarantees that there is no simulation already in process.
After that, left neighbors of all occurences of (A, B, C') are checked not to be any symbols
from V — {A}. In more detail, G’ rewrites (A, B,C) with (A, B,C,i) for i = 1. Then, in
every (A, B,C,i), G' increments i by one as long as i is less or equal to the cardinality
of V; simultaneously, it verifies that the left neighbor of every (A, B,C,i) differs from
the symbol that f maps to i except for the case when f(A) = i. Finally, G’ checks that
there are no two adjoining symbols (A, B,C,m + 1). At this point, the left neighbors
of (A,B,C,m + 1) are necessarily equal to A, so every occurence of (4, B,C,m + 1) is
rewritten to C.

Observe that the other symbols remain unchanged during the simulation. Indeed, by
the forbidding conditions, the only productions that can rewrite symbols X ¢ W are of the
form (X — X,0). Moreover, the forbidding condition of ({4, B,C) — (A4,B,C,1),W —
{(4, B,C)}) implies that it is not possible to simulate two different non-context-free pro-
ductions at the same time.

To establish the identity of languages generated by G and G’, we first prove Claims 26
through 30.

Claim 26. Sy =7, o' implies first(2") € (N1 UT) for every n >0, 2" € (V')*.
Proof. The claim is proven by induction on n.
Basis: Let n = 0. Then, S :>%, S and S € Ny.

Induction Hypothesis: Assume that the claim holds for all derivations of length n or less,
for some n > 0.

Induction Step: Consider a derivation
n+1 ./
Sl :>G/ T,
where 2’ € (V')*. Because n+ 1 > 1, there is a derivation

Sl :>YCLT~/ y' =>q! x’ [pl,...,pq],

y' € (V')*, ¢ = ||, and, by the induction hypothesis, first(y’) € (N7 UT). Inspect P’ to
see that the production p; that rewrites the leftmost symbol of 3’ is one of the following
forms: (A1 — A1,0), (a — a,0), (A1 — a, W), (A1 — C1,W), or (A1 — D1 E, W), where
A1,C1,D1 € Ni,aeT, E € Ner (see (1) and (2) in the definition of P’ and Lemma 17).
It is obvious that the leftmost symbols of the right-hand sides of these productions belong
to (N7 UT). Hence,

first(a’) € (N UT),

so the claim holds. O
Claim 27. Sy =7, vy Xy3, X € Wg, implies y; € (VYT for any yh € (V')*.

Proof. Informally, the claim says that every occurence of a symbol from Wg has always a
left neighbor. Clearly, this claim follows from the statement of Claim 26. Since WgN (/N7 U
T) = (), X cannot be the leftmost symbol in a sentential form and the claim holds. O
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Claim 28. 51 =7, x', n >0, implies that ' has one of the following three forms:
(I) 2’ e V*;

(IT) 2’ € (VUWy)* and #w,a’ > 0;

(ITI) 2" € (VU{({A, B,C,i)})*, #yapc,nx >0, and {f~Yk)(A,B,C,j) : 1<k <j
k # f(A)} Nnsub(z’) = 0, where (A,B,C,j) € Ws, A € (N1 UN¢p), B € Ngg,
CeNep,1<j<m+1.

Proof. We prove the claim by the induction on n > 0.

Basis: Let n = 0. Clearly, S; =2, S; and S is of type (I).

Induction Hypothesis: Suppose that the claim holds for all derivations of length n or less,
for some n > 0.

Induction Step: Let us consider any derivation of the form
n+1 ./
Sl :>G’ xT.

Because n+ 1 > 1, there exists y’ € (V’)* and a sequence of productions p1, ..., p,, where
pi € P',1<i<gq, q=1y|, such that

S1 =%y =a 2 [p1,....pgl

Let v = a1az...aq, a; € V',
By the induction hypothesis, 3’ can only be of forms (I) through (III). Thus, the
following three cases cover all possible forms of y’:

(i) Let y' € V* (form (I)). In this case, every production p; can be either of the form
(a; — a;,0), a; € V, or (a; — u, W) such that a; — u € Pop, or (a; — (A, a;,C), W),
a; € Ncg, (A,a;,C) € Wy (see the definition of P’).

Suppose that for every i € {1,...,q}, p; has one of the first two listed forms. Ac-
cording to the right-hand sides of these productions, we obtain z’ € V*; that is, 2’
is of form (I).

If there exists i such that p; = (a; — (A4,a;,C), W) for some A € (N7 U N¢op),
a; € Ncs, C € Nor, (4,a;,C) € Wy, we get 2’ € (VUWy)* with #w,z’ > 0. Thus,
2’ belongs to (II).

(i) Let ¢ € (VUWp)* and #w,y" > 0 (form (II)). At this point, p; is either (a; —
a;,0) (rewriting a; € V to itself) or ((A,B,C) — (A,B,C,1),W — {(4,B,C)})
rewriting a; = (A,B,C) € Wy to (A,B,C,1) € Wg, where A € (N7 U Nep),
B € N¢g, C € Nep. Since #w,y’ > 0, there exists at least one i such that
a; = (A,B,C) € Wy. The corresponding production p; can be used provided that
#w—asc)y = 0. Therefore, y' € (V U {(4,B,C)})" and hence 2’ € (V U
{{A, B,C,1)})*, #¢a,B,c,137" > 0; that is, 2 is of type (III).

(iii) Assume that y' € (V U {(A, B,C,5)})*, #qa,B,c 0y >0, and
sub(y) N {f 7 (k)(A,B,C.j) : 1<k <j.k#f(A)}=0,
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where (A, B,C, j) € Wg, A€ (NyUN¢rp), B€ Negg, C € Nop, 1 <j<m+1 (form
(IIT)). By inspection of P’, we see that the following four forms of productions can
be used to rewrite y’ to x’:

(a) (a; — ai,0), a; € V;

(b) ((A,B,C,j) = (A, B,C,j+ 1), {f ')A, B,C,j)}), 1 <j <m, j# f(A);
(©) ({4, B,C, f(A)) — (4, B,C, f(A) +1,0);

(d) ((A,B,C,m +1) — C, {{A, B,C,m +1)2}).

Let 1 < j <m, j# f(A). Then, symbols from V are rewritten to themselves (case
(a)) and every occurence of (A, B, C, j) is rewritten to (A, B, C, j+1) by (b). Clearly,
we obtain 2’ € (VU{(A, B,C,j+1)})* such that #4 p.c j+1y2" > 0. Furthermore,
(b) can be used only when f~1(j)(A, B,C,j) & sub(y’). As

sub(y') N {f "' (k)(A,B,C,j) : 1<k<j, k# f(A)} =0,
it holds that
sub(y') N {f H(k)(A,B,C.j) : 1<k<j, k# f(A)}=0.

Since every occurence of (A, B, C, j) is rewritten to (A, B, C, j+1) and other symbols
are unchanged,

sub(z/) N{f'(k)(A,B,C,j+1): 1<k<j+1, k+# f(A)}=0;

therefore, 2’ is of form (III).

Assume that j = f(A). Then, all occurences of (A, B, C, j) are rewritten to (A, B, C, j+
1) by (c) and symbols from V are rewritten to themselves. As before, we obtain
v e (VU{{A,B,C,j+1)})* and #((a,B,c j+1)}2 > 0. Moreover, because

sub(y) N {f 7 (k)(A,B,C,j) : 1<k <j, k# f(A)} =10
and j is just f(A),
sub(z") N {f (k) (A, B,C,j+1): 1<k<j+1, k#fA)}=0

and 2’ belongs to (III) as well.

Finally, let 7 = m + 1. Then, every occurence of (A, B, C, j) is rewritten to C' (case
(d)) and, therefore, 2’ € V*; that is, 2’ has form (I).

In (i), (ii), and (iii), we have considered all derivations that rewrite y’ to 2/, and in each

of these cases, we have shown that 2’ has one of the requested forms. Therefore, Claim 28
holds. O

To prove the following claims, we need a finite letter-to-letters substitution g from V*
into (V')* defined as

9g(X) = {X}JU{(4,X,C): (A, X,C)ec Wy}
U{{4,X,C,j5): (A, X,C,j) e Wg,1<j<m+1}

forall X € V, A€ (N1 UNgr), C € Nor. Let g=! be the inverse of g.
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(3

Claim 29. Let vy = ajaz...aq, a; € V', ¢ = ||, and g7 (
i € {1,...,q} and some h; € {0,1}, u; € (V). Then, g~ (¢
¥ =ugug.. . ug, =0 hi, r<gq.

=N g~ V(w;) for all
1

) =¢
=6 g (2') such that

)

Proof. First, consider a derivation ¢~ *(X) =% ¢ *(u), X € V', uw € (V))*, h € {0,1}.
If h = 0 then g7'(X) = g '(u). Let h = 1. Then, there surely exists a production
p=g"(X)— g~'(u) € P such that g~'(X) =¢ g~ (u) [p].

Return to the statement of this claim. We can construct a derivation

g7 Har)g az) ... g7 ag) =7 g Hw)g Has)...g”
o g

= g (un)g (1) . g (ug)

where g7 (y') = g7 (a1)...97 (ag) and g~ (u1) ... g7 (ug) = g7 (ur...ug) = g~ (2').
In such a derivation, each g~1(a;) is either left unchanged (if h; = 0) or rewritten to
g~ 1(u;) by the corresponding production g~*(a;) — g~'(u;). Obviously, the length of this
derivation is Y7, h;. O

Claim 30. Sy =, = if and only if S1 =7, ', where x € V*, 2’ € (V')*, 2’ € g(x).
Proof.

Only if: The only-if part is established by induction on the length of derivations in G.
That is, we show that
S1 =¢ x implies S =g o

where z € V*, for n > 0.
Basis: Let n = 0. Then, S} :>?; S1 and S :>%, S1 as well.

Induction Hypothesis: Assume that the claim holds for all derivations of length n or less,
for some n > 0.

Induction Step: Consider a derivation
Sy :>g+1 z.
Because n 4+ 1 > 0, there exists y € V* and p € P such that
S1 =6y =a [,
and, by the induction hypothesis, there is also a derivation
S1 =5 .

Let y = ajaz...aq, a; € V, 1 < i < gq, ¢ = |y|. The following cases (i) and (ii) cover all
possible forms of p.
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(i) p=A—>ué€ Pop, A€ (NyUN¢gp), u € V*. Then, y = y1Ays and = = yjuys,
y1,ys € V*. Let s = |y1| + 1. Since we have (A — u, W) € P’, we can construct a
derivation

St :>*G’ Yy =g T [pl,...,pq]

such that ps = (A — u, W) and p; = (a; — a;,0) for all i € {1,...,q}, i # s.
(ii) p=AB — AC € Pgg, A € (Nl UNCF), B € Nog, C € Nop. Then, y = y1 ABys

and x = y1 ACys, y1,y3 € V*. Let s = |y1| + 2. In this case, there is the following
derivation:

Sl :>*G’ ylAByg
=>a ylA<A7B70>y3 [ps = (B - <A,B,C>,W)]
[p :

=q y1A<A,B,C, 1>y3 s = (<A,B C> — <A,B,C,1>,
W—{<A,B,C>})]

gel y1A<A7B7Ca 2>y3 [ps = (<A>Ba0a 1> - <A,B,C, 2>>
{f~1(1(A, B,C.5)}]

o MAAB.C(A)ys [ps = (A, B,C,f(4) ~ 1) — (4, B,C, f(A),
{f71(f(A) = 1){A, B,C, f(A) = 1)})]

aged ylA<A7B707f(A) + 1>y3 [ s — (<A7B707f(A) - < ,B,C,f(A) + 1>7®)]

gel y1A<A7B7Caf(A) +2>y3 [p = (<A7Ba0af(‘4) + 1) - < 7B>C7f(A) +2>a
{F71(f(A) + 1)(A, B, C, f(A) + 1)})]

:>G’ ylA<A7B707m + 1>?/3 [ps = (<A7B707m> - (A,B,C,m + 1>7

{f~1(m)(A, B,C,m)})]
=q’ ylACyS [ps = (<A7B707m + 1> - C,
{(4,B,C,m +1)*})]

such that p; = (a; — a;,0) for all i € {1,...,q}, i # s.

If: By induction on n, we prove that
Sy =g o' implies Si =§ z,

where 2’ € (V')*, z € V* and 2’ € g(z).

Basis: Let n = 0. The only 2’ is S; because S; :>0G, S1. Obviously, S :>0G S7 and
Sy € g(S1).

Induction Hypothesis: Suppose that the claim holds for any derivation of length n or less,
for some n > 0.

Induction Step: Consider a derivation of the form

n+1 ./
Sl :>G/ T .
Since n + 1 > 1, there exists y’ € (V')* and a sequence of productions py,...,pq from P’,
q = |2'|, such that
S1 =%y =a 2 [p1,....pgl
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Let v = a1az...aq, a; € V', 1 < i < q. By the induction hypothesis, we have
Sl j*G Y,

where y € V*, such that ¢’ € g(y).
From Claim 28, v’ can have one of the following forms:

(i) Let v/ € (V')* (see (I) in Claim 28). Inspect P’ to see that there are three forms of
productions rewriting symbols a; in y':

(a) p; = (a; — a;,0) € P, a; € V. In this case,
g Na:) =& g7 (@)

(b) p; = (a; — u;, W) € P’ such that a; — u; € Pop. Because a; = g~ '(a;),
u; = g '(u;) and a; — u; € P,

9 @) =6 97" (u) [a; — .

(¢) pi = (a; — (A,a;,C),W) € P, a; € Nocg, A € (N1 UN¢gp), C € Nop. Since
9~ (ai) = g7 ((A, i, C)), we have

g Hai) =& 9 (A0, 0)).

—_

We see that for all a;, there exists a derivation
_ hi —
9 N ai) =¢ 97 (=)

for some h; € {0,1}, where z; € (V')", 2’ = 2129...z4. Therefore, by Claim 29, we
can construct
S| =6y =6z,

where 0 <7 < ¢, x = g~ (/).

(i) Let ¢ € (VUWy)* and #w,y' > 0 (see (II)). At this point, the following two forms
of productions can be used to rewrite a; in 3’:

(a) pi = (a; — a;,0) € P', a; € V. As in case (i.a),
g Hai) =¢ g7 (ai).

(b) p; = ((A,B,C) — (A, B,C,1),W — {{A,B,C)}), a; = (A,B,C) € Wy, A €
(N1UNcr), B € Ncg, C € Nop. Because g1 ((4, B,C)) = g *((A, B,C, 1)),

g '((A,B,C)) ¢ g ((A,B,C,1)).
Thus, there exists a derivation
S| =5y =2,
where x = g~ !(2/).

104



(iii) Let y' € (VU{(A, B,C,5)})*, #1a,B,c50Y >0, and
sub(y') N {f 7 (k)(A, B, C.j) : 1<k <j, k# f(A)} =0,
where <A,B,C,j> eWsg, A€ (Nl UNCF), BeNcg,C e Nep,1<j<m+1 (see

(II1)). By inspection of P’, the following four forms of productions can be used to
rewrite ¢’ to z':

(a) pi = (a; — a;,0), a; € V;

(b) pi = (A, B,C,j) — (A, B,C,j + 1), {f  G)AB,Ciy}), 1 < j < m, j #

f(A);

(c) pi=((A,B,C, f(A)) = (A, B,C, f(A) +1),0);

(d) pi = ((4,B,C;m +1) — C.{{A,B,C.m +1)"}).
Let 1 < j < m. G’ can rewrite such y’ using only the productions (a) through (c).
Because g~'({(4, B,C, j)) = ¢~ ' ((A, B,C,j +1)) and g~ '(a;) = g~"(a;), by analogy
with (ii), we obtain a derivation

S =Ly =0
such that z = g~ (z').

Let 7 = m + 1. In this case, only the productions (a) and (d) can be used. Since
#1148,y > 0, there is at least one occurence of (A, B,C,m + 1) in y and, by
the forbidding condition of the production (c), (A, B,C,m + 1)* & sub(y'). Observe
that for j =m + 1,

(/7' ERNAB,Com +1): 1<k <j, k# f(A)} =
{X{(A,B,Cim+1): XeV, X#A}
and, thus,
sub(y ) N{X(A,B,C;m +1): X eV, X # A} =0.

According to Claim 27, (A, B, C, m+1) has always a left neighbor in y’. As a result,
the left neighbor of every occurence of (A, B,C,m + 1) is A. Therefore, we can
express:

v =y A(A,B,C,m+ 1)y A(A, B,C,m + 1)ys ...y, A(A, B,C,m + 1)y, 11,
y =g '(x1)ABg  (y2)ABg  (y3) ... g~ (yr) ABg ™ (yr11),
' = 11 ACy2 ACys. ..y, ACY, 41,

where r > 1, y; € V*, 1 < s <r+ 1. Since we have p = AB — AC € P, there is a
derivation:

S1 =% 9 (y1)ABg Hy2)ABg (ys3) ... g (yr) ABg (yr41)
=a g '(y1)ACy (y2)ABg(y3) ... 97 (yr)ABg™ (yr41) ]
=¢ 9 ' (y)ACg (y2)ACg (y3) ... 9 (yr)ABg  (yr41)  [p]
S g () ACT (1) ACG (3s) . g (9) AC Mrs1)  [p]

where g_l(yl)ACg_l(yg)ACg_l(yg) .. .g_l(yr)ACg_l(yrH) = g‘l(x’) = z.
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Because cases (i), (ii) and (iii) cover all possible forms of y’, we have completed the
induction and established Claim 30. O

The equivalence of G and G’ follows from Claim 30. Indeed, observe that by the
definition of g, we have g(a) = {a} for all a € T. Therefore, by Claim 30, we have for any
x e T

S1 =¢ x ifand only if Sy =¢ .

Thus, L(G) = L(G’) and the lemma holds. O
Theorem 38. CS = FEPOL(2) = FEPTOL(2) = FEPOL = FEPTOL.

Proof. By Lemma 18, CS C FEPOL(2) C FEPTOL(2) C FEPTOL. From Lemma 11
and the definition of FETOL grammars, it follows that FEPTOL(s) C FEPTOL C
CEPTOL C CS for any s > 0. Moreover, FEPOL(s) C FEPOL C FEPTOL. Thus,
CS = FEPOL(2) = FEPTOL(2) = FEPOL = FEPTOL, and the theorem holds. O

Return to the proof of Lemma 18. Observe that the productions of the FEPOL grammar
G’ are of restricted forms. This observation gives rise to the next corollary.

Corollary 15. Every context-sensitive language can be generated by an FEPOL grammar
G = (V,T,P,S) of degree 2 such that every production from P has one of the following
forms:

(i) (a —a,0),acV;
(ii)) (X —x,F), X eV =T, |z| € {1,2}, max(F) = 1;
(i) (X - Y, {z}), X,Y €V -T, z€ V2,

Next, we demonstrate that the family of recursively enumerable languages is generated
by the forbidding EOL grammars of degree 2.

Lemma 19. RE C FEOL(2).

Proof. Let L be a recursively enumerable language generated by a phrase structure gram-
mar

G=WV,T,P,S)
having the form defined in Lemma 5, where

Vv = NorUNgsgUT,
Pocs = {AB— ACeP: A C € N¢op,B € Nos},
PCF = P—- Pcs.

Let $ be a new symbol and m be the cardinality of V' U {$}. Furthermore, let f be an
arbitrary bijection from V U {$} onto {1,...,m}, and let f~! be the inverse of f.
Then, we define an FEOL grammar

G =(V.,T,P,S)
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of degree 2 as follows:

Wy = {(A,B,C):AB — AC € P},
W {(A,B,C,j) : AB — AC € P,1 < j <m},
w Wy U Wg,

VI = VuWwu{s,$},

where A,C € N¢op, B € Nog, and V., Wy, Wg, and {S’, $} are pairwise disjoint alphabets.
The set of productions P’ is defined in the following way:

1. add (S" — $5,0), ($ — $,0) and ($ — ¢, V' =T —{$}) to P';
2. for all X € V, add (X — X,0) to P’;
3. for all A — u € Pop, A€ Nop, u € {e} UNcs UT U (U2, Nip), add (A — u, W)
to P’;
4. if AB — AC € Ppg, A,C € Nop, B € Nog, then add the following productions to
P’
(a) (B—(4,B,C),W);
(b) ((A,B,C) — (A,B,C,1),W — {{(A4,B,C)});
(¢) ((A,B,C,3) — (A,B,C,j + 1), {f *(}){4, B,C,j)}) for all 1 < j < m such
that f(A) # J;
((A4,B,C, f(A)) — (A, B,C, f(A) +1),0);
((A,B,C,m +1) — C,{(A,B,C,m +1)*}).

(d)
()

Basic Idea. Let us only sketch the proof that L(G) = L(G’). The above construction
resembles the construction in Lemma 18 very much. Indeed, to simulate the non-context-
free productions AB — AC in FEOL grammars, we use the same technique as in FEPOL
grammars from Lemma 18. We only need to guarantee that no sentential form begins
with a symbol from Ngg. This is solved by an auxiliary nonterminal $ in the definition
of G’. The symbol is always generated in the first derivation step by (S’ — $5,0) (see
(1) in the definition of P’). After that, it appears as the leftmost symbol of all sentential
forms containing some nonterminals. The only production that can erase it is ($ —
e, V' =T —{$}).
Therefore, by analogy with the technique used in Lemma 18, we can establish

S =gz ifandonlyif S =f, $2/

such that z € V* o’ € (V' — {5,$})*, 2’ € g(x), where g is a finite substitution from V*
into (V' —{5’,$})* defined as

g(X) = {(X}u{(4,X,C): (A4,X,C) e Wy}
U{(4,X,C,j): (A, X,C,j) e Wg,1<j<m+1}

forall X € V, A,C € Nop. The details are left to the reader.
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As in Lemma 18, we have g(a) = {a} for all a € T’; hence, for all x € T*:

S =¢ z if and only if S’ :>g, $x.

Since
$x =gz [$—e V' =T —{$})],
we obtain
S =g o ifandonlyif S =7,
Consequently, L(G) = L(G'); thus, RE C FEOL(2). O

Theorem 39. RE = FEOL(2) = FETOL(2) = FEOL = FETOL.

Proof. By Lemma 19, we have RE C FEOL(2) C FETOL(2) C FETOL. From Lemma 12,
it follows that FETOL(s) C FETOL C CETOL C RE, for any s > 0. Therefore,
RE = FEOL(2) = FETOL(2) = FEOL = FETOL, so the theorem holds. O

By analogy with Corollary 15, we obtain the following normal form.

Corollary 16. Every recursively enumerable language can be generated by an FEOL gram-
mar G = (V,T, P,S) of degree 2 such that every production from P has one of the following
forms:

(1) (a — a,0), acV;
(i) (X -2, F), X eV T, |z| <2, and F # 0 implies max(F) = 1;
(i) (X - Y, {z}), X,Y €V T, z€ V2,

Theorems 36, 37, 38, and 39 imply the following relationships of FETOL language
families:

Corollary 17.

CF

C
FEPOL(0) = FEOL(0) = EPOL = EOL

C

FEPOL(1) = FEPTOL(1) = FEOL(1) = FETOL(1) =

FEPTOL(0) = FETOL(0) = EPTOL = ETOL

C

FEPOL(2) = FEPTOL(2) = FEPOL = FEPTOL = CS
C

FEOL(2) = FETOL(2) = FEOL = FETOL = RE.
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