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Abstract

This paper concerns new characterizations of regular, context-free, and re-
cursively enumerable languages, using insertion systems with lower com-
plexity. This is achieved by using both strictly locally testable languages
and morphisms. The representation is in a similar way to the Chomsky-
Schiitzenberger representation of context-free languages. Specifically, each
recursively enumerable language L can be represented in the form L =
h(L(y) N R), where ~ is an insertion system of weight (3,3), R is a strictly
2-testable language, and h is a projection. A similar representation can be
obtained for context-free languages, using insertion systems of weight (2,0)
and strictly 2-testable languages, as well as for regular languages, using in-
sertion systems of weight (1,0) and strictly 2-testable languages.

Keywords: insertion system, strictly locally testable language,
Chomsky-Schiitzenberger theorem

1. Introduction

DNA computing theory involves the use of insertion and deletion oper-
ations. It has been shown that by using insertion and deletion operations,
any recursively enumerable language can be obtained in [2], [3].

In insertion systems, we can use only insertion operations which is based
on insertion rules of the form (u,z,v), where u, x, v are strings over an
alphabet, a new string auxvf is produced for a given string auvf@ with
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context uv using (u,z,v). From the definition of insertion operations, one
would easily imagine that by using only insertion operations, we generate
only context-sensitive languages.

On the other hand, the class of strictly locally testable languages is known
as a proper subclass of regular language classes [4]. The equivalence relation
between a certain type of splicing languages (generated by persistent splicing
systems) and strictly locally testable languages is known in [5].

In this paper, we focus on characterizing the classes of languages in
Chomsky hierarchy by using insertion systems together with some “addi-
tional mechanisms” in the Chomsky-Schiitzenberger-like form. It has been
shown that using insertion systems together with some morphisms, char-
acterizing recursively enumerable languages is accomplished in [3], [6], [7].
For context-free languages, there is a well-known Chomsky-Schiitzenberger
characterization: each context-free language L can be represented in the
form L = h(D N R), where D is a Dyck language, R is a regular language,
and h is a projection. It has been shown that each recursively enumerable
language L can be represented in a similar way to the well-known Chomsky-
Schiitzenberger representation of context-free languages, L = h(L(y) N D),
where 7 is an insertion system, h is a projection, and D is a Dyck language [8].
In this paper, we use strictly locally testable languages and morphisms as the
additional mechanisms for characterizing languages in Chomsky hierarchy.

In insertion systems, a pair of the maximum length of inserted strings
and the one of context-checking strings, called weight is an important pa-
rameter for generative powers. As for strictly locally testable languages, the
length of local testability-checking is considered. The optimality of these two
parameters is to be checked.

We prove that each recursively enumerable language can be represented
in the form h(L(y)NR), where v is an insertion system of weight (3, 3), h is a
morphism, and R is a strictly 2-testable language. Similar characterizations
are shown for context-free and regular languages.

2. Preliminaries

In this section, we introduce necessary notation and basic definitions
needed in this paper. We assume the reader to be familiar with the rudiments
on basic notions in formal language theory (see, e.g., [3], [9]).



2.1. Basic Definitions

For an alphabet V', VV* is the set of all strings of symbols from V' which
includes the empty string A. For a string = € V*, |z| denotes the length of
x. For 0 <k <|z|, let Preg(x) and Sufy(x) be the prefix and the suffix of
with length k, respectively. For 0 < k < |z|, let Inty(x) be the set of proper
interior substrings of x with length k, while if |x| = k, then Inty(x) = (.

2.2. Normal Forms of Grammars

A phrase structure grammar is a quadruple G = (N, T, P, S), where N
is a set of nonterminal symbols, T is a set of terminal symbols, P is a set
of production rules, and S in N is the initial symbol. A rule in P is of the
formr : a« — B, where « € (NUT)*N(NUT)*, B € (NUT)*, and r is a
label from a given set Lab(P) such that there are no production rules with
the same label. For any x and y in (N UT)*, if v = uav, y = ufv, and
r:a— [ € P, then we write

SL’:T>Gy

We say that x directly derives y with respect to GG. If there is no confusion,
we write ©+ = y. The n-th power of =, denoted as =", is defined by
x = x with k = 0 for any z in (NUT)*. For any n > 0 and z,z € (NUT)*,
x =" z holds if there is y € (N UT)* such that z =""! y and y = 2.
The reflexive and transitive closure of = is denoted by =—*.

We define a language L(G) generated by a grammar G as follows:

LG)={weT"|S=(w}

It is well known that the class of languages generated by the phrase struc-
ture grammars is equal to the class of recursively enumerable languages RE

[9]-

A grammar G = (N, T, P, S) is context-free if P is a finite set of context-
free rules of the form A — a, where A € N and a € (N UT)*. A language
L is a context-free language if there is a context-free grammar G such that
L = L(G). Let CF be the class of context-free languages.

A context-free grammar G = (N, T, P,S) is in Chomsky normal form if
each production rule in P is of one of the following forms:

1. X - YZ, where X,Y,Z € N.



2. X - a,where X e N;aeT.
3. S — A (only if S does not appear in right-hand sides of production
rules).

It is well known that, for each context-free language L, there is a context-free
grammar in Chomsky normal form generating L [9].

A grammar G = (N, T, P, S) is regular if P is a finite set of production
rules of the form X — «a, where X € N and a« € TNUT U {\}. A language
L is a regular language if there is a regular grammar G such that L = L(G).
Let REG be the class of regular languages.

We are going to define a strictly locally testable language, which is one
of the main objectives of the present work.

Let k£ be a positive integer. A language L over T is strictly k-testable
if there is a triplet Sy = (A, B,C) with sets of strings over T of length k
A, B,C C T* such that for any w with |w| > k, w is in L iff Prey(w) € A,
Sufr(w) € B, Intg(w) C C.

Note that if L is strictly k-testable, then L is strictly k’-testable for all
k" > k. Further, the definition of strictly k-testable says nothing about the
strings of “length £ — 1 or less”.

A language L is strictly locally testable iff there exists an integer £ > 1
such that L is strictly k-testable. Let LOC(k) be the class of strictly k-
testable languages. Then one can prove the following theorem.

Theorem 1. [10] LOC(1) C LOC(2) C --- C LOC(k) C --- C REG.

We are now going to define an insertion system. An insertion system is
a triple v = (T, P, Ax), where T is an alphabet, P is a finite set of insertion
rules of the form (u,x,v) with u,z,v € T*, and Ay is a finite set of strings
over T' called axioms.

We write a :r>7 G if a = aqjuvay and B = ayurvay for some insertion
rule r : (u,z,v) € P with ay,ay € T*. If there is no confusion, we write
a = . As usual, =" denotes the n-th power of =>. The reflexive and
transitive closure of = is denoted by =—"*.

A language generated by 7 is defined by

L(y) ={w e T"| s = w, for some s € Ax}.



An insertion system v = (T, P, Ax) is said to be of weight (m,n) if

m = mac{ |a| | (u2,0) € P},
n = max{ |u| | (u,z,v) € Por (v,z,u) € P}.

For m,n > 0, INS]" denotes the class of all languages generated by
insertion systems of weight (m’,n’) with m’ < m and n’ < n. When the
parameter is not bounded, we replace m or n with .

For insertion systems, there exist the following results.

Theorem 2 ([3]). 1. For the class of finite languages FIN and the one of
context-sensitive languages CS, FIN C INS? C INS!-.. C INS? C
Cs.

REG C INS;.

INS! c CF.

CF is incomparable with all INS? (n > 2), and INS?.

INS2 contains non-semilinear languages.

AR

From the definition of insertion systems, we can easily prove the following
lemma.

Lemma 1. INSY C REG.

We are now going to introduce some notations concerning morphisms,
which help to express the class of languages represented in the Chomsky-
Schiitzenberger-like form. A mapping h : V* — T* is called morphism if
h(\) = X and h(zy) = h(z)h(y) for any x,y € V*. For languages L;, Lo, and
a morphism h, we introduce the following notation: h(L; N Lg) = {h(w) |
w € Ly N Ly}. For language classes £; and Lo, we introduce the following
class of languages:

H(LyNLy) ={h(Ly N Ly) | hisamorphism, L; € £; (i =1,2)}.

3. Characterizations of Regular Languages

In this section, we will characterize regular languages in terms of insertion
languages and strictly locally testable languages both of which form proper
subclasses of regular languages.

Lemma 2. REG C H(INSY N LOC(2)).



Proof. For a regular language L, let G = (N, T, P, S) be a regular grammar
such that L = L(G). Using the new symbol F', we construct the insertion
system v = (V, P',{\}) of weight (1,0), where

V= {X,|r: X—>aeP, aec TNUTU{N}U{F},
P= {(\X,\) ]| XeV}

Then, L(y) = V™.
Further, we define the morphism h : V* — T™ by

hMX,) = a if r:X—aYePorr:X —a€P,
MX,) = A if r:X s AEP,
hF) = A

Finally, consider R = AV*NV*B — VTC'V*t with C' = V? — C, where

A = {SX, |r:S—=aXeP rn:X—acP, acTUTNU{A}}U
{S;F|r:S—aeP, acTU{\}},

B = {X,F|r:X—a€eP or r: X - \e P},

C = {X Y, |r:X—=aYeP rn:Y—-acP, ac TUTNU{N}

Then R is a strictly 2-testable language prescribed by S, = (A, B, C).

We will show that, for any X € N, X =2¢ -+ 2= 0'Y =26 w'y =
weT iff X, ---Y, FeV*B-V*C'V* with h(X,, Y, F) = w by the
induction on n.

Base step: For a nonterminal symbol X in N, there is a derivation
X == w with w € {\} U T iff from the definitions of P’ and R, X, F is
hence in V*B—V*C'V™*. Furthermore, from the definition of h, h(X,F) = w.

Induction step: Suppose that the claim holds for any n < k. Consider
a derivation X ==¢ a¥Y =%'¢ aw'Z =% aw, where a € T, w,w' € T*,
Y, Z € N.

For the rules r» and ry, by the constructions of V and R, r and r; are
in P iff X,Y,, isin V*N C. From the definition of h, h(X,) = a. By the
induction hypothesis, Y =—=§ w iff a string Y, - - - Z, F isin V*B - V*C'V+
with A(Y,, --- Z, F) = w. Therefore, X =" aw iff X,Y,, ---Z, F € V*B —
V*C'VT with h(X,Y,, -+ Z, F) = aw.

Note that, for the special case where X =S, S,.Y,,, is in A, which implies
that S,Y,,---Z, F € AV*NV*B — V*C'V*. Then, S,Y,, ---Z, F is in
AV*NV*B = VTC'V* with h(S,Y,, -+ Z, F) = aw. Therefore, for any w
in L, wisin L(G) iff wis in h(L(y) N R). O
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Lemma 3. H(INSYN LOC(2)) C REG.

Proof. Since the class of regular languages is closed under intersection with
regular languages and morphisms, the result follows from the facts that
INSY C REG in Lemma 1 and LOC(2) C REG in Theorem 1. O

From Lemma 2 and Lemma 3, we have the following theorem.
Theorem 3. REG = H(INS) N LOC(2)).

Since for arbitrary k with & > 2, the class of regular languages includes the
class of strictly k-testable languages, the next result follows from Theorem 3
and Theorem 1.

Corollary 1. For all k > 2, REG = H(INS) N LOC(k)).

The value of parameter £ = 2 in the strictly k-testable languages in
Theorem 3 is necessary for expressing regular languages in the following
sense.

Lemma 4. There exists a reqular language which cannot be written in the
form h(L(v)NR), for any insertion system ~y of weight (1,0) (Vi > 1), strictly
1-testable language R, and morphism h.

Proof. Consider the regular language L = {a' | 1 > 0}U{b' | I > 0}. Suppose
that there is an insertion system v = (V, P, Ay) of weight (i,0) with i > 1, a
strictly 1-testable language R prescribed by S; = (A, B, C'), and a morphism
h such that L = h(L(v) N R).

Then, for any [ > 0, there exists the set of strings D, = {z | h(z) =
a'} U{y | h(y) = b'} such that D; C L(y) N R. Let D = o Dy, then D is an

infinite set. Since D C L(y) N R holds, L(y) N R is also an infinite set. Then
P includes both (A, ug, A) and (X, up, \), where u,,up € C% h(u,) = a'e,
h(uy) = b* for some iq,4, > 0. Let tyzty and tzyts be in L(y) N R with
t1,t3 € A, ta, ty € B, u, € Int;(t1xts), up € Int;(tsyty).

Then, the string t;upzts is in L(y) N R satisfying |h(tiupxts)|s > i > 0
and |h(tyuprts)|y, > i, > 0, which contradicts to the fact that L = {a’ | [ >
0}u{b|1>0}. O

From Lemma 4, Theorem 1, and Theorem 3, we have the following theo-
rem.



Theorem 4. H(INS) N LOC(1)) C REG.

The value of weight (1,0) in insertion systems in Theorem 3 is optimal
for expressing regular languages in the following sense.

Lemma 5. There exist an insertion system v of weight (2,0), a strictly 1-
testable language R, and a morphism h such that h(L(~y) N R) is non-reqular.

Proof. Consider an insertion system v = (7, {A},{(\,ab,\)}) with T" =
{a,b}. Then, for any w in L(y), |w|, = |w|, holds.

Consider R = AT*NT*B — TTC'Tt with ¢ = T — C, where A =
B =C=T. Then R = T" is a strictly 1-testable language prescribed by
Sy = (T,T,T). Further, we define a morphism h : T* — T* by h(c) = ¢ for
any ¢ € T. Then, we have L(y)NR = h(L(y)NR) ={w |w € L(vy), w # A}.

For a regular language R, = {a'¥/ | i,j > 1}, h(L(y) N R) N R, = {a'l* |
i > 1} is not regular. From the fact that the class of regular languages is
closed under intersection with regular languages, h(L(y) N R) is not regular.

O

From Lemma 4, Lemma 5, and the fact that INS) C INS?, | with i > 1,
we have the following corollary.

Corollary 2. REG and H(INS? N LOC(1)) are incomparable ( i > 2 ).

From Lemma 5, Theorem 2, and Theorem 1, we have the following corol-
lary.

Corollary 3. REG C H(INS?NLOC(k)) (i >2,k>2).

4. Characterizations of Context-Free Languages

We will show how context-free languages can be characterized by inser-
tion systems and strictly locally testable languages. In [8], each context-free
language L can be written in the form L = h(L(vy) N R), where ~ is an inser-
tion system of weight (3,0), R is a star language, i.e., R = F* for a finite set
of strings F', and h is a projection. Let us start by showing the relationships
between the class of star languages Star and the one of strictly k-testable
languages for k£ > 1.

Lemma 6. For all k > 1, LOC(k) and Star are incomparable.



Proof. For a given k with k > 1, consider a star language R = {a**Y? | i >
1}. Suppose that there is a triplet (A, B, C) with A, B,C C T* prescribing
R. Since a**' € R holds, we have a* € A and a* € B. Then a string
a* € AN B is in the strictly k-testable language prescribed by (A, B, C),
which contradicts to the fact that a* ¢ R = {a®*1)7 | i > 1}.

Conversely, consider a strictly 1-testable language L; = {a"b | n > 0}
prescribed by S; = ({a}, {b},{a}). Then L; is prefix-free, i.e., no string in
Ly is a prefix of another string in L;. Suppose that there is a finite set F
such that L; = F*, which contradicts to the fact that L, is prefix-free. From
Theorem 1, for any k& > 1, L; is in LOC(k). Therefore, for any k£ > 1,
LOC(k) and Star are incomparable. O

Let us consider the following theorem which is essential for this section.
Theorem 5. CF C H(INSYN LOC(2)).

Construction of an insertion system ~: Consider a context-free
grammar G = (N, T, P,S) in Chomsky normal form. We construct an inser-
tion system v = (3, P,, {S}), where

Y= N,UNUTU{S, |r:S—=X e P} with
N,= {X,.X,,|r: X =>YZeP, X,Y,ZeN}U
{Xps|r: X —>a€eP, XEN, acT},

and P, contains the following insertion rules:

e for each production rule r : X — YZ € P with X,Y,Z € N, we
construct the following r-pair insertion rules

form-(1) (A, X, Z, \),
form-(2) (A, X, Y, \).

e for each production rule r : X — a € P with X € N and a € T, we
construct the following insertion rules

form-(3) (A, X, a, ).

e for the production rule r : S — A € P, we construct the following
insertion rule



form-(4) (X, S, A).

We define the projection h : ¥* — T by

h(a)=a  forallaeT,
h(a) =X  otherwise.

Consider R = AY*NY*B — 2HC'S with €' = X2 — C, where

A= {SS,, |r:S—=YZe P}Uu{SS,,|r:S—ac P}U
{SS,|r:S— e P},
= {Xna|r: X —saeP}U
{SS,|r:S— e P},
— (XX, Xp X, XY |7 X 5 YZ e PIU
{XX,,, Xpa|r: X - a€P}U
{aX |aeT, X € N}.

Then R is a strictly 2-testable language prescribed by Sy = (A, B,C).
The language R can be characterized by using

O = (XX, X,,|r:X >YZe P,
Q= {XX.a|r:X —ac P},

such that R C (2 UQ)* QU {SS, | r: S — X € P}.

A nonterminal symbol X in XX,, X,, € ) or XX,,a € Q) is said to be
Q-blocked. A symbol in N which is not €2-blocked is said to be unblocked.
We call a string in (; U Qs U N)* a legal string.

Intuitively, an {2-blocked nonterminal symbol X in XX, X,, or XX, .a
means that X has been used for the rule r. In v at each step a string con-
sisting of unblocked symbols and terminal symbols of a legal string indicates
a sentential form of G.

Further, based on v and R, we define the followings: for each X € N, let

x = (%, Py, {X})
be an insertion grammar, and let
Rx = AxX*NYX*By — X C'Y*
be a strictly 2-testable language, where

Ax = {XX,, |r: X =>YZe PlU{XX,,|r: X —ac P},
Bx= B—{SS,|r:S—X\eP}.
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Then Ry is a strictly 2-testable language prescribed by Sx = (Ax, Bx, C).
The language Ry satisfies Rx C (€ U Q3)*Qs.
From the above definitions, for any X € N, Ax U Bx C C holds.

Lemma 7. For any yw and a legal string w with W == ~w, a form-(1)
rule (A, X, Z, \) is applied if and only if the form-(2) rule (A, X,,Y, \) inserts
the string X,,Y just right to X,,.

Proof. If part: Since the symbol X,., always follows the symbol X, in a legal
string, from the definition of P,, the form-(2) rule (A, X,,Y, \) can insert the
string X,.,Y in the presence of the symbol X, . Therefore, the form-(1) rule
(A, X, Z, A) has been applied before applying (A, X,.,Y, A).

Only if part: Consider an insertion rule (A, X,, Z, A) in form-(1). For
any legal string in (£2; U Qy U N)*, the symbol X, is always followed by the
symbol X,,. From the definition of P,, the form-(2) rule (A, X,,Y, X) should
insert the string X,,Y just right to X, , then we obtain X, X,,Y. O

From Lemma 7, without loss of generality, for r-pair rules r; in form-(1)
and 7y in form-(2), we may apply 7 immediately after applying the rule r;
to obtain a legal string.

Lemma 8. For any yw, a legal string w with W :O>'yw w, and a substring
Xr,a in (N, Xp,a,X) € Py, no insertion rule inserts a string in between X,
and a in o.

Proof. For any legal string in (€, Uy UN)*, a symbol X, is always followed
by a terminal symbol in T'. The claim is almost obvious from the definition
of insertion rules in P;. O

From Lemma 8, without loss of generality, we may consider the derivation
which satisfies the property that once a form-(3) rule is applied then no rule
in form-(1),(2),(4) is applied.

Definition 1. For any X in N and w in Ry, a derivation X = ay :>f/x
ap =7 =1 a, =wis called a standard derivation, if it satisfies the
following conditions:

1. o is a legal string (1 < Vi < n).

2. No intermediate string appearing between o; =*_ ;1 is legal (0 <

Vx
i<n-—1).

11



3. For each derivation o; éﬁ,x a;iy1 (0 < Vi <n-—1), 0; is one of the
following forms;

® 0, = p1p2, where p; and py are r-pair insertion rules such that p;
is in form-(1) and py is in form-(2),

e 0; = p3, where p;3 is a form-(3) rule.

4. Once a form-(3) rule is applied in a; =7 a;11 (0 <7 <n—1), then
no rule in form-(1) or form-(2) is applied in a;11 =7 .
5. No insertion rule splits any string in 2; U .

Lemma 9. For any vx and w in L(yx) N (4 U $)*, there is a standard
derivation for w.

Proof. Consider vx and a string w in L(vx)N(21UQy)* such that X == w.
From Lemma 7 and Lemma 8, we prove that no insertion rule inserts a string
across the string in 2; U €2y by the induction on the number n of r-pair
insertion rules in the derivation o.

Base step: Since there are no r-pair insertion rules in o, w is in L(yx )NS2%.
From the definition of P,, a form-(3) rule inserts a string in N,T. Fur-
ther Qo C (NN,T)* holds. Then we have w = XX,,a for a form-(3) rule
(A, Xpga, A), with X =, X X,,a, which gives a standard derivation for w.

Induction step: Suppose that the claim holds for any n < k. Consider a
derivation

X o o1 [ Ok+1
= :>'YX [0S :>'YX (%3 :>'YX w,

where o; consists of r-pair insertion rules for 1 < ¢ < k, o4y consists of
form-(3) rules, and oy = XW, W,.,Y Z.
There are the following two cases for ay:

1. W=Xand o, = XX,, X,,YyZz, where Yy, Zz € (21 UN)*.
In this case, we have a derivation

ap=XX, X.,.YyZz =, XX, X.,YyZ =w,

where Yy, Z2" € (€,U€2)*. From the induction hypothesis for Y =7
Yy and Z =7 72, there are standard derivations oy and o for Yy
and ZZ', respectively. Therefore, oi0y 0y is a standard derivation for
w through the legal string oy = XX, X,, Y Z.

12



2. W # X and o = XaeWW, W,.YyZz, where XaWW, W,, € (Q; U
N)*Qp and YyZz € (€ UN)*.
Since the substring W is inserted by r-pair rules in P,, the string ay
satisfies ay, = X X, X,,, SBWW,, W,..YyZzfor (A, X,,, Z', N), (A, X}, Y, A)
€ P, and 8 € (2 UN)*. Let us consider a derivation

X XX, X,Y'7Z
= XX, X,,fW
= o XX, X, BWW, W, Y Z
:>f/X XX, X, BWW, W, YyZz = oy
=, w.

Let 3" and 2’ be strings in (£2; U Qy)* such that X X, X,,y'2' = w and
V=3 v, 2= 2.
From the induction hypothesis for 3’ and 2/, there are standard deriva-

tions oy, oz such that Y’ %W/ A %,YZ/ 2, respectively. There-
fore, oxoy:0oz is a standard derivation for w through the legal string
o = XX, X,,Y'Z'.

O

The following two lemmata are essential for the proof of Theorem 5.

Lemma 10. For any X in N, if there is a derivation X =% w withw € T+
then there is a string w' in L(yx) N Rx such that h(w') = w.

Proof. We will show that, for any X in N, if there is a derivation X ==
aj---aywitha; € T (I > 1,1 <i <) then there is a string w’ in L(yx) N Rx
such that h(w') = a; - - - a; by the induction on n.

Base step: Consider a derivation X ==¢ a. From the definition of P, an
insertion rule (A, X,,a, A) is in P,. By the construction of Ry, XX,, € Ax
and X,,a € Bx hold. Then the string X X,,a in Rx satisfies that X =,
XX,,a and h(X X, ,a) = a.

Induction step: We suppose that the claim holds for any n < k. Consider

Ti+1 Tk

a string yz which satisfies that X —¢ Y7 T;QG yZ — ¢ Yz, Where
r; € Pforeach 1 <i<kand 1< j < k. For the derivations Y T;;JG y and
Z Tjgrkg z, from the induction hypothesis, there are strings ¢y’ and z’ such

that y' € L(yy) N Ry, 2/ € L(vz) N Rz, and h(y') =y, h(Z) = =.
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For the production rule r : X — Y Z, r-pair insertion rules (\, X,, Z, \)
and (A, X,,Y,\) are in P,. Then, there is a derivation

X = XX Z =0 XX X, YZ =7 XX, X,y7

Further, for the production rule r : X — Y Z, we have XX, € Ax,
X X, X, Y € C. Note that the following holds:

AyUByU{CLZ‘CLET}UAzcc.

Therefore, the string X X,, X,,y'2" in L(vx) N Ry, satisfies h(X X,, X,,y'2)
= h(y)h(z') = yz. O

Lemma 11. For any 7yx, if a nonempty string w' is in L(yx) N (1 U Qy)*,
then there is a derivation X ==¢, h(w’).

Proof. Consider X in N and a nonempty string w’ € L(vx)N(Q,UQ)*. From
Lemma 9, without loss of generality, we may consider a standard derivation
X=l o =! = - = o= w’, where n > 1 and «; is
a legal string for each 1 < ¢ < n. We will show that there is a derivation
X = h(w') by the induction on n.

Base step: Consider a standard derivation X == X X,.a, where an
insertion rule (A, X,,a, \) is used in o. Then a production rule r : X — a is
in P, which implies a derivation X =>¢ a, where h(X X, ,a) = a.

Induction step: Consider a standard derivation X %7 Qaq :U>,Y Qpi1 =
w'.

Suppose that a form-(3) rule is applied in o7, then there is no derivation
o) == w', where o consists of form-(3) rules. Then r-pair insertion rules are
used in oy and let oy = XX, X,,YZ and «,,01 = XX, X,.,Yy'Z2'. For the
r-pair insertion rules (A, X, Z, \) and (A, X,, Y, \), there is a production rule
r: X —YZin P.

For the strings 3" and 2/, we have Yy’ € L(yy) N (92 UQs)* and Z2' €
L(vz) N (21 U Q9)*. From the induction hypothesis, there are derivations
Y =}, y and Z =, z such that h(Yy') =y and h(Z7) = z.

Therefore, there is a derivation X =-¢ YZ =, yz, where h(w’)
hWMXX, XYY Z2) = h(y)h(Z) = y=.

oo

Proof of Theorem 5. Let us consider the case where A is in L(G).
Since G is in Chomsky normal form, A is in L(G) if and only if there is a
derivation S = A for r : S — X in P. By the construction of P, and R,
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the string A is in L(G) if and only if (X, S, A) € Py and SS, € AN B. Then
there is a derivation S =, S5, € AN B. From the definition of h, the
string S5, satisfies h(SS,) = A. Therefore, A is in L(G) if and only if A is in
h(L(y)NR). We slightly note that R C (2, U)*QU{SS, |r: S — X € P}
implies that no string in (X — 7")* satisfies L(y) N R other than SS,.

From Lemma 10, Lemma 11, and the fact Ry C (Q;U2)*Qy C (Q1UQ)*,
considering the case X = S, a nonempty string w is in L(G) if and only if
there is a string w’ such that w' € L(v) N R and h(w') = w. O

Since the class of context-free languages is closed under intersection with
regular languages and morphism, the fact ITNSY C C'F implies H(INS9 N
LOC(2)) C CF. Therefore, from Theorem 5, we have the following theorem.

Theorem 6. CF = (INSY N LOC(2))

Furthermore, from the fact that, for arbitrary k and ¢ with £ > 1 and
i > 1, the class of regular languages includes LOC(k) in Theorem 1 and
the class of context-free languages includes IN.SY in Theorem 2, we have the
following corollary.

Corollary 4. CF = H(INS? N LOC(k)) (i,k>2).

From Lemma 4, Theorem 6, and the fact that INS) C INS?, | with
1 > 1, we have the following corollary.

Corollary 5. H(INS?NLOC(1)) CcCF (i >2).

5. Characterizations of RE Languages

In this section, we will show that any recursively enumerable language
can be represented by using insertion systems and strictly locally testable
languages in the similar way to context-free and regular languages.

Theorem 7. RE = H(INS3 N LOC(2)).

Construction of an insertion system ~: Let G = (N,T, P, S) be a
type-0 grammar in Penttonen normal form [3]. In this normal form, the rules
in P are of the following types:

Typel: X —a€ P, where X € N, ae (NUT)*, |a| <2.
Type 2: XY — XZ € P, where X,Y,Z € N.
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By introducing new symbols # and ¢, we construct the insertion system
v = (%, Py, {Scc}), where ¥ = NUT U{#,c} and P, contains the following
insertion rules:

e Group 1: Foreach ruler : X - YZ € P of Type 1, with X € N and
Y,Z € NUT U{\}, we construct the following insertion rules

form-(r;) (X, #YZ,a1az) in P,, where ayag € (NUT U{c})%

e Group 2: For each rule r : XY — XZ € P of Type 2, with XY, 7 €
N, we construct the following insertion rules

form-(ry) (XY, #Z,a1az) in P,, where ajay € (NUT U {c})>.

e Group 3 (Relocation task for X): For each X,Y € N, we construct the
following insertion rules

form-(r3) (XY#,#X,a), where o € (NUT U{c}),

form-(ry) (X, #, Y##),
form-(r5)  (#Y#,Y, #X).

We define a projection h : X* — T™ by

a forall a € T,
h(a) = A otherwise.

Finally, let R = AX*NY*B — SFO'ST with ¢' = %2 — C,

A= {X#|XeN},

B = {CC},

C= {X# | XeNU{#X | X e N}U{aX | X e N}U
{ab|a,beT}U{ac|a e T} U{#a|aec T}U{#c}.

Then R is a strictly 2-testable language prescribed by Sy = (A, B, C). The
language R can be represented by R = N{# T U N{#})*{cc}.

Then we obtain L(G) = h(L(y) N R), which will be proven in the sequel.
We start by introducing some useful notions.

We call the symbol # a marker. A symbol in N followed by # is said
to be #-marked (briefly marked). A symbol in N UT which is not marked
is said to be unmarked. We call a string in N{#} a wreck and a string in
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(N{#})* a wrecks. Since the symbols ¢ and # are special symbols, they are
neither marked nor unmarked. A string zcc, where z is in (N{#} UN UT)*,
is a legal string.

An intuitive explanation of marked symbols, unmarked symbols, and a
wreck is the followings:

Note 1. A marked symbol means that the symbol has been used (i.e. con-
sumed) for some derivation in .

Note 2. In v at each step a wreck is considered to be a “garbage” and a

string consisting of unmarked symbols of a legal string indicates a sentential
form of G.

By the construction of R, making L(y)NR leads to only legal strings. Then if
we erase the “wrecks” and the symbol ¢, we get the legal strings of unmarked
symbols which are exactly sentential forms of G.

By using the rules of Group 1 and Group 2, we can simulate the rules of
Type 1 and Type 2 respectively. By using the rules of Group 3, we move an
unmarked symbol to the right across a block M#, where M € N. Thus the
nonterminal pairs XY can be ready for simulating the rules XY — Y Z of
Type 2.

In order to prove the equality L(G) = h(L(y) N R), we first prove the
inclusion L(G) C h(L(y) N R).

Fact 1. Applying a form-(ry) rule : (X, #Y Z, ajas) to an occurrence of a
string Xajay with ajay € (N UT U {c})? makes a new occurrence of the
string X#Y Zajas. Note that the unmarked symbol X becomes marked,
while the symbols Y, Z are newly created unmarked symbols.

Fact 2. Applying a form-(r3) rule : (XY, #7Z ajay) to an occurrence of a
string XY ajap with ajas € (N UT U {c})? makes a new occurrence of
the string XY #Zajas. Note that the symbol X is preserved in just the
unmarked state, the unmarked symbol Y becomes marked, while the symbol
Z is newly created unmarked symbol.

Lemma 12. The rules in Group 3 can replace a substring XY #a (o €

N UT U{c}) by a substring consisting of the strings in N{#} and ending
with Xa. The symbol X is unmarked before and after the derivations.
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Proof. A form-(r3) rule (XY#,#X,a) can be applied to a string XY #a,
where X, Y € N, a € NUT U {c}. After applying the form-(rs) rule, we
have XY ##Xa. Then the form-(ry) rule (X, #,Y#+#) can be applied for
the substring XY ##, and we have X#Y ## X«a. Now we apply the form-
(r5) rule (#Y#,Y,#X) for the substring #Y##X, and the substring is
replaced by #Y #Y #X.

Therefore, the substring XY #« is replaced by X#Y #Y # X «, which has
the unmarked symbol X on the rightmost position. O

Thus the insertion rules in v simulate the rules in GG, and generate legal
strings from the legal string Scc.

We will give separate consideration to the case of using the rules in Group

3.

Lemma 13. Once a form-(r3) rule : (XY #,#X, a) is applied to obtain a
substring of a legal string, then the form-(ry) rule and form-(rs) rule are used
in this order.

Proof. We may consider a substring XY #a, where XY € N, a € N U
T U {c}. After using rule in form-(r3), we obtain XY ##Xa. Because of
the symbols #+, rules in form-(r1) or (rg) or (r3) cannot be applied for the
substring XY ##. In view of the construction of form-(r;) rule, we cannot
apply a form-(r5) rule for XY ##. Hence, the only applicable rule for XY ##
is form-(ry4) rule.

After using form-(ry) rule (X, #,Y##) for XY ##Xa, we obtain the
substring X#Y ## X «a. For the symbol X following ##, we have a chance
to apply one of the rules in form-(ry), (r2), (r3), (r4). If we apply form-(r)
or form-(ry) rule, we may take it as the first step of simulation for Type 1 or
Type 2 respectively. Note that, during these simulations, X remains at the
immediately to the right of ##. If we apply form-(r3) or form-(ry) rule, we
may take it independently a new relocation task. Note that, after application
of form-(r3) or form-(ry) rule, X remains immediately to the right of ##.
Therefore, in all cases the symbol ## is followed by X. Further, since the
symbol X was originally unmarked in XY #a«, X provides the possibility of
applying one of the rules in form-(r1), (r2), (r3), (r4). Hence this application
causes no trouble with the current relocation task.

After using form-(ry) rule for XY ##, we obtain X#Y#+#. From the
above notation, since X always follows the symbols ##, after applying form-
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(ry) rule, we obtain X#Y##X. In the substring X#Y ##, both of the
symbols X and Y are already marked, and in view of the form of the rules,
none of form-(ry), (r2), (r3), (r4) rule can be used for this substring. Hence,
the only applicable rule for X#Y ##X is form-(r5) rule. After applying this
rule, (#Y#,Y, #X), we have X#Y # X # X, which is the substring of a legal
string.

Hence to obtain a substring of a legal string, whenever we use the form-
(r3) rule, we have to use form-(r) rule and form-(r;) rule in this order. O

From Lemma 13, for any derivation in v, x :7r>,y y, there is a standard
derivation which satisfies that form-(r,) rule and form-(r;5) rule are applied
in this order immediately after applying form-(r3) rule.

Denote by wmk(x) a string consisting of unmarked symbols in a legal
string x generated by . Note that since ¢ is the special symbol, neither
marked nor unmarked, umk(x) does not contain a suffix cc. We thus have
the next lemma.

Lemma 14. The nonterminal symbol S derives x in G if and only if there
is a derivation Scc =7 ' in v such that umk(z') = x.

Proof. We will show that if there is a derivation S =7 x with x € (NUT)*
then there is a derivation Scc =7 ' such that umk(z') = x and 2’ € ¥* by
induction on n.

Base step: If n = 0, then for the axiom Scc in v, umk(Scc) = S holds.
Thus obviously the claim holds.

Induction step: We suppose that the claim holds for any n < k. Now
consider a derivation S =% z =¢ y with z,y € (NUT)*.

From the induction hypothesis, there is a derivation Scc =7 2/, where
umk(z’) = x and ' € ¥*. If the rule applied for z is of Type 1 (Type 2,
resp.) then we use the corresponding insertion rule in Group 1 (Group 2,
resp.) for the string z’.

However, in the latter case (i.e. Group 2), if the insertion rule in Group 2
cannot be immediately applied for 2, we need to apply some rules in Group 3.
From Lemma 12, after application of the rules in Group 3, unmarked symbols
of a legal string z’ remain unchanged. We denote this process of derivations
by 2’ == 2" =, ¢/, where 2", a string ready for applying a rule in Group
2, is derived by using only rules in form-(r3), (r4), (r5) in Group 3 and /' is
derived by using only a rule in Group 2. Note that umk(z') = umk(z").
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Then, in either case, from Fact 1 and Fact 2 we eventually have umk(y') =
y. Therefore the claim holds for £ + 1.

Conversely, we will show that if there is a standard derivation Sce =, 2’
with 2’ € ¥* then there is a derivation S ==, « such that umk(z’) = = and
x € (NUT)* by induction on the number n of legal strings in the derivation
.

Base step: For the axiom Sce, no rules in form-(r3) or (ry) or (r5) can
apply. Further, umk(Scc) = S holds and Scc is legal. Thus, obviously the
claim holds.

Induction step: We suppose that the claim holds for any n < k. Now
consider a standard derivation Scc =, 2’ ==, i/, where 2’ is the k-th legal
string in 7; and v’ is the first legal string in m with 2,7’ € X*. From the
induction hypothesis, there is a derivation S =, x, where umk(z’) = .

Let " denote the production which was applied first in m,. Note that no
rule in form-(r4) or form-(rs) can apply for legal strings. For the insertion
rule 77 of Group 1 (Group 2, resp.), there is the corresponding production
rule in Type 1 (Type 2, resp.) for the string z. In either case, from Fact 1
and Fact 2 we eventually have © =, y, where umk(y’) = y.

In case that the insertion rule 7’ is in Group 3 (i.e. ' is form-(r3) rule),
for standard derivation 2/ ==, ' form-(r4) rule and form-(r;) rule are ap-
plied in this order. From Lemma 12, after application of the rules in Group
3, unmarked symbols of a legal string 2’ remains unchanged. Note that
umk(z') = umk(y’). Then, from the induction hypothesis, there is a deriva-
tion S =, x such that umk(z2') = umk(y’) = .

Therefore the claim holds for £ + 1. O

In view of the manner of constructing the strictly 2-testable language R
and the projection h, we have the following fact.

Fact 3. For any y € L(vy), if y is in R and umk(y) € T*, then umk(y) =
h(y).

From Lemma 14 and Fact 3, we obtain the inclusion L(G) C h(L(y)NR).
Next we prove the inverse inclusion which completes the proof of Theorem

6.

Fact 4. As far as unmarked symbols are concerned, the rules in Group 1
and Group 2 can only simulate the rules of Type 1 and Type 2 respectively
in G.
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Proof of Theorem 6. From Fact 4, Lemma 13 and Lemma 14, every
string of a form umk(xcc) is generated by the grammar G, where zcc is a
legal string generated by ~.

Therefore, if for any y € L(7), y is in R, then there is a string h(y) such
that S ==, h(y). This means that the inclusion hA(L(y) N R) C L(G) holds.
Together with the fact that L(G) C h(L(y) N R), we complete the proof of
Theorem 6. U

Corollary 6. RE = H(INS; N LOC(k)) (k>2).

6. Conclusion

In this paper, we have contributed to the study of insertion systems with
new characterizations of recursively enumerable, context-free, and regular
languages. Specifically, we have shown that

REG = H(INS® N LOC(k)) with k > 2.

H(INSYN LOC(1)) C REG C H(INS® N LOC(k)) with i,k > 2.
CF = H(INS® 0 LOC(k)) with i, k > 2.

RE = H(INS3 0 LOC(k)) with k > 2.

The followings are open problems:

e Can CF be represented as CF = H(INS! NLOC(k)) for some i, j, k >
17

e Can RE be represented as RE = H(INS/ N LOC(2)) for some i < 3
orj<3?

e Whether C'S (the class of context-sensitive languages) can be repre-
sented as C'S = H(INS! N LOC(k)) for some i,j >0, k>17
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RE = H(INS3 N LOC(k))
(Vk > 2)

CF = H(INSY N LOC(k))
(Vk > 2)

/\

REG = H(INS} N LOC(k)), -s-cseesee-- H(INSY N LOC(1))
(Vk > 2) incomparable

H(INS) N LOC(1

Figure 1: Relationships between the classes of 1anguages generated by insertion systems
and strictly k-testable languages
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