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tomata. In addition, it demonstrates that these hierarchies coincide with the hierarchies resulting
from parallel right linear grammars and right linear simple matrix grammars, so the self-regulating
finite automata can be viewed as the automaton counterparts to these grammars. Finally, this paper
compares both infinite hierarchies. In addition, as an open problem area, it suggests the discussion
of self-regulating pushdown automata and points out that they give rise to no infinite hierarchy
analogical to the achieved hierarchies resulting from the self-regulating finite automata.
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1 Introduction

Over its history, automata theory has modified and restricted classical automata in many ways
(see [3, 5, 6,7, 8, 16, 22, 24, 26]). Recently, regulated automata have been introduced and
studied in [17, 18]. In essence, these automata regulate the use of their rules according to which
they make moves by control languages. In this paper, we continue with this topic by defining and
investigating self-regulating finite automata. Instead of prescribed control languages, however,
the self-regulating finite automata restrict the selection of a rule according to which the current
move is made by a rule according to which a previous move was made.

To give a more precise insight into self-regulating automata, consider a finite automaton, M,
with a finite binary relation, R, over M ’s rules. Furthermore, suppose that M/ makes a sequence
of moves, p, that leads to the acceptance of a word, so p can be expressed as a concatenation of
n + 1 consecutive subsequences, p = pop1 - - - Pns |pi| = |pj ,0< 1,5 <n,in which Tf denote
the rule according to which the ith move in p; is made, forall 0 < j < nand 1 < i < |p;| (as
usual, |p;| denotes the length of p;). If for all 0 < j < n, (r],7]"") € R, then M represents an
n-turn first-move self-regulating finite automaton with respect to R. If for all 0 < j < n and

all 1 < i < |pi|, (r],77*") € R, then M represents an n-turn all-move self-regulating finite
automaton with respect to R.
Based on the number of turns, we establish two infinite hierarchies of language families that

lie between the families of regular and context-sensitive languages. First, we demonstrate that
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n-turn first-move self-regulating finite automata give rise to an infinite hierarchy of language
families coinciding with the hierarchy resulting from (n+ 1)-parallel right linear grammars (see
[20, 21, 27, 28]). Recall that n-parallel right linear grammars generate a proper language sub-
family of the language family generated by (n + 1)-parallel right linear grammars (see Theorem
51in [21]). As aresult, n-turn first-move self-regulating finite automata accept a proper language
subfamily of the language family accepted by (n + 1)-turn first-move self-regulating finite au-
tomata, for all n > 0. Similarly, we prove that n-turn all-move self-regulating finite automata
give rise to an infinite hierarchy of language families coinciding with the hierarchy resulting
from (n + 1)-right linear simple matrix grammars (see [4, 10, 28]). As n-right linear simple
matrix grammars generate a proper subfamily of the language family generated by (n + 1)-right
linear simple matrix grammars (see Theorem 1.5.4 in [4]), n-turn all-move self-regulating finite
automata accept a proper language subfamily of the language family accepted by (n + 1)-turn
all-move self-regulating finite automata. Furthermore, since the families of right linear simple
matrix languages coincide with the language families accepted by multitape nonwriting au-
tomata (see [5]) and by finite-turn checking automata (see [24]), the all-move self-regulating
finite automata characterize these families, too. Finally, we summarize the results about both
infinite hierarchies.

In the conclusion of this paper, as an open problem area, we suggest the discussion of self-
regulating pushdown automata. Regarding self-regulating all-move pushdown automata, we
prove that they do not give rise to any infinite hierarchy analogical to the achieved hierarchies
resulting from the self-regulating finite automata. Indeed, zero-turn all-move self-regulating
pushdown automata define the family of context-free languages while one-turn all-move self-
regulating pushdown automata define the family of recursively enumerable languages. On the
other hand, as far as self-regulating first-move pushdown automata are concerned, the question
whether they define an infinite hierarchy or not is open.

2 Preliminaries

We assume that the reader is familiar with the theory of automata and formal languages (see
[1,2,9,11,12, 13, 15, 19, 25]). For a set @), |Q| denotes the cardinality of Q. N = {1,2,3,...}
denotes the set of all natural numbers. For an alphabet V', V/* represents the free monoid gen-
erated by V' under the operation of concatenation. The identity of V* is denoted by . Set
V+t = V* — {e}; algebraically, V' is thus the free semigroup generated by V' under the
operation of concatenation. For w € V*, |w| denotes the length of w. Let w € V*; then,
alph(w) = {a € V : a appears in w}. For every L C V*, alph(L) = |, alph(w).

A finite automaton, M, is a quintuple M = (Q, X, 0, qo, F'), where () is a finite set of states,
2] is a finite input alphabet, ¢ is a finite set of rules of the form quw — p, ¢,p € Q, w € X*,
qo € @ is an initial state, and F’ is a set of final states. Let ¥ be an alphabet of rule labels such
that |¥| = |d|, and ) be a bijection from § to ¥. For simplicity, to express that 1) maps a rule
qw — p € 0 tor, where r € ¥, we write r.qw — p € ¢, in other words, r.qw — p means
Y(qw — p) = r. A configuration of M is any word from ()X*. For any configuration qwy,
where y € Y*, g € @, and any r.qw — p € ), M makes a move from configuration quwy to
configuration py according to r, written as qwy = py [r]. Let x be any configuration of M. M
makes zero moves from  to x according to ¢, written as y = x [¢]. Let there exist a sequence
of configurations Xo, X1, - - -, Xn, for some n > 1, such that x;,_1 = x; [r;], where r; € ¥,
1 = 1,...,n. Then, M makes n moves from x, to x, according to ry,...,7,, symbolically
written as xo =" Xn [11 ... 7). We write ¢ =* K [u] if ¢ =" k [u] for some n > 0. If w € X*
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and gow =" f [u], for f € F, then w is accepted by M and gyw ="* f [u] is an acceptance of
w in M. The language of M is defined as L(M) = {w € X* : gow =" f [u] is an acceptance
of w}.

For n > 1, an n-parallel right linear grammar, n-PRLG, is an (n + 3)-tuple G = (N, .. .,
N,,T,S, P), where N;, 1 <i < n, are mutually disjoint nonterminal alphabets, 7 is a terminal
alphabet, S ¢ N is an initial symbol, N = N; U ... U N, and P is a finite set of rules that
contains three kinds of rules:

IS—>X1XTL, XZENZ,lglgTL,
2. X —wY, X, Y € Nyforsomei, 1 <i<n,weT
3. X — w, XeN weT".

Forz,y € (NUT U{S})*, v = yif and only if

1. eitherx =Sand S — y € P,
2.0t = Xy YnXpn, Y = Y121 - . YTy, Where y; € T, z; € T"N UT™, X; € N;, and
X,—xeP,1<i<n.

If 2,y € (NUT U{S})*and | > 0, then + = y if and only if there exists a sequence
To = T1 = ... = 1, Tg = Z, 1; = y. Then, we say x =7 y if and only if there exists [ > 0
such that z = y, and x =* y if and only if x = y or x = 3. The language generated by an
n-PRLG, G, is defined as £L(G) = {w € T* : S =T w}. Language L C T™ is an n-parallel
right linear language, n-PRLL, if there is an n-PRLG, G, such that L = L(G). The family of
n-PRLLs is denoted by R,,.

For n > 1, an n-right linear simple matrix grammar, n-RLSMG, is an (n + 3)-tuple G =
(N1,...,N,, T, S, P), where N;, 1 < i < n, are mutually disjoint nonterminal alphabets, 7" is
a terminal alphabet, S ¢ N is an initial symbol, N = Ny U...U N, and P is a finite set of
matrix rules. A matrix rule can be in one of the following three forms:

I[S—>X1Xn], XZGNZ,ngSR,
2. [Xl_)wli/h"'aXn—)wnYn]’ wzeT*aXZaY;GNZ’]-SZSn’
3.[ Xy = wyy o, Xy — wy, X,eNj,w,eT*,1<i<n.

Let m be a matrix, then m/[i] denotes the ith rule of m. For z,y € (NUT U{S})*, z = yif
and only if

1. eitherx = Sand [S — y| € P,
2.0t = Xy YnXn, Y = Y1T1 ... YnTp, Where y; € T, x; € T"N UT*, X; € N,,
1Sign,and[Xlﬁxl,...,Xnﬁxn]GP.

We define x =T y and + =* y as above. The language generated by an n-RLSMG, G, is
defined as £(G) = {w € T* : S =% w}. Language L C T* is an n-right linear simple
matrix language, n-RLSML, if there is an n-RLSMG, G, such that L. = £(G). The family of
n-RLSMLs is denoted by Rj,;.

Let G = (Ny,...,N,,T,S, P) be an n-PRLG, for some n > 1, and 1 < i < n. By the ith
component of G we understand a 1-PRLG G = (N;,T, 5, P’), where P’ contains rules of the
following forms:

2. X - wY if X -wY € Pand X,Y € N;;
3. X —w if X —we Pand X € N;.



The ith component of an n-RLSMG is defined analogously.
Finally, let REG, C'F, and C'S denote the families of regular, context-free, and context-
sensitive languages, respectively.

3 Definitions and Examples

In this section, we define and illustrate n-turn first-move self-regulating finite automata and
n-turn all-move self-regulating finite automata.

Definition 1 A self-regulating finite automaton, SFA, M, is a septuple
M = (Q7Ea 57(]07Qt7F7 R)7
where

1. (@, X,6,qo, F) is a finite automaton,
2. q; € @ is a turn state, and
3. R C ¥ x V¥ is a finite relation on the alphabet of rule labels.

In this paper, we consider two ways of self-regulation—first-move and all-move. According
to these two types of self-regulation, two types of n-turn self-regulating finite automata are
defined.

Definition2 Let n > 0 and M = (Q, X, J, qo, q;, I, R) be a self-regulating finite automaton.
M is said to be an n-turn first-move self-regulating finite automaton, n-first-SFA, if M accepts
w in the following way. There is an acceptance of the form gow ="* f [u] such that
po=roorr
where k& € N, ) is the first rule of the form gz — ¢, for some ¢ € Q, z € X*, and
(™) eR
forall0 < 7 <n.
The family of languages accepted by n-first-SFAs is denoted by W,.

Example 1 Consider a 1-turn first-move self-regulating finite automaton, M = ({s, ¢, f}, {a, b},
3, s, t, {f}, {(1,3)}), with § containing rules 1.sa — s, 2.sa — t,3.tb — f,and 4.fb — f
(see Fig. 1).

20020
Fig. 1: 1-turn first-move self-regulating finite automaton M.

With aabb, M makes
saabb = sabb [1] = tbb[2] = fb[3] = f[4].

In brief, saabb =* f [1234]. Observe that L(M) = {a™b" : n > 1}, which belongs to C'F' —
REG.
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Definition3 Let n > 0 and M = (Q, X, 4, qo, q;, I, R) be a self-regulating finite automaton.
M 1is said to be an n-turn all-move self-regulating finite automaton, n-all-SFA, if M accepts w
in the following way. There is an acceptance gow =* f [u] such that

p=rl g
where k& € N, ) is the first rule of the form gz — ¢, for some ¢ € Q, z € X*, and
(rl, P e R

1771

foralll1 <i:<k, 0<j<n.
The family of languages accepted by n-all-SFAs is denoted by S,,.

Example 2 Consider a 1-turn all-move self-regulating finite automaton, M = ({s, t, f}, {a, b},
3, s, t, {f} {(1,4),(2,5),(3,6)}), with § containing rules 1.sa — s, 2.sb — s, 3.5 — {,
4.ta — t,5.tb — t,and 6.t — f (see Fig. 2).

a,b a,b
OO0
Fig. 2: 1-turn all-move self-regulating finite automaton M.

With abab, M makes
sabab = sbab [1] = sab[2] = tab[3]| = tb[4] = t[5] = f[6].

In brief, sabab =* f[123456]. Observe that L(M) = {ww : w € {a,b}*}, which belongs to
CS —CF.

4 Results

We prove that the family of languages accepted by n-first-SFAs coincides with the family of lan-
guages generated by (n + 1)-PRLGs. Furthermore, we demonstrate that the family of languages
accepted by n-all-SFAs coincides with the family of languages generated by n-RLSMGs.

4.1 n-Turn First-Move Self-Regulating Finite Automata

Section 4.1 establishes the identity between the family of languages accepted by n-first-SFAs
and the family of languages generated by (n + 1)-PRLGs. To do so, we need the following form
of parallel right linear grammars.

Lemma4 For every n-PRLG G = (Ny,...,N,,T,S, P), there is an equivalent n-PRLG G' =
(N{,...,N} T S, P') that satisfies:

1. if S — Xy...X,, € P, then X; does not occur on the right-hand side of any rule, for
1< <n;
2.ifS —a, S— B € P anda#p, then alph(a) Nalph(5) = 0.
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Proof. If GG does not satisfy conditions from the lemma, then we will construct a new n-PRLG
G' = (Ny,..., N/, T, S, P, where P’ contains all rules of the form X — € P, X # S, and
N; C NJ’., 1 <j < n.Foreachrule S — X;...X, € P, we add new nonterminals Y; ¢ N]’-
into N]’», and rules include S — Y; ... Y, and Y; — X in P’, 1 < j < n. Clearly,

S=¢X;...X,ifandonlyif S = Y;... Y, = X;... X,,.
Thus, L(G) = L(G'). O
Lemma5 Let G be an n-PRLG. Then, there is an (n—1)-first-SFA, M, such that L(G) = L(M).

Proof. Informally, M is divided into n parts (see Fig. 3). The ith part represents a finite au-
tomaton accepting the language of GG’s ith component, and R also connects the ith part to the
(7 + 1)st part as depicted in Fig. 3.

Formally, without loss of generality, we assume G = (Ny,...,N,,T,S, P) to be in the
form from Lemma 4. We construct an (n — 1)-first-SFA M = (Q, 7,6, qo, ¢, F, R), where
Q={q9, -, @} UN,N=NU...UN,, {q0,q1,-- s} "N =0,F ={qn},d ={q; —
Xipn S —=X1.. X, e PO<i<ntU{Xw—-Y:X —>wYePtU{Xw-—gq:
X—wePweT* X eN,;,iec{l,....n}}, s = q1, ¥ = 0 with the identity map, and
R:{(qz—> i+1,qi+1—>Xi+2)ZS—>X1...X,LEP, 0§ZSTL—2}

Next, we prove L£(G) = L(M). To prove L(G) C L(M), consider a derivation of w in G
and construct an acceptance of w in M depicted in Fig. 3. This figure clearly demonstrates the

D C . €
1 i 2 n
Tyl .2v2 nyn $1l1 fo1l2 | xlln
r Xy w1 X3 7 X3 1X2 / 2X2 | X5
18 $2l | $2l ’ xgl
1 2 n
1 1 Xl 2 X2 n Xxn xk_l)l( xk_l)l( mk_lxn
..oy Xy i Xp o2l X 1 2 ”lk
T T T
w=z.. .zl =z x? zt...xp g g g
1... k 1... k ... 1 .« .. k ql q2 qn
inG in M

Fig. 3: A derivation of w in G and the corresponding acceptance of w in M.

fundamental idea behind this part of the proof; its complete and rigorous version is lengthy and
left to the reader. Thus, for each derivation S =* w, w € T, there is an acceptance of w in M.

To prove L(M) C L(G), let w € L(M). Consider an acceptance of w in M. Observe
that the acceptance is of the form depicted on the right-hand side of Fig. 3. It means that the
number of steps M made from ¢;_; to g; is the same as from ¢; to g;+1 since the only rule
in the relation with ¢;_; — X7 is the rule ¢; — X'™'. Moreover, M can never come back
to a state corresponding to a previous component. (By a component of M, we mean the finite
automaton M; = (Q, X, 6,q;—1,{¢}), for 1 < i < n.) Now, construct a derivation of w in G.
By Lemma 4, we have [{X : (¢; — Xit', i1 — X) € R} =1, forall 0 < i < n — 1. Thus,
S — XiX}?...X} € P. Moreover, if Xz} — X: |, we apply X} — 2}X!,, € P, and if
Xz, — q,weapply X; —x;, € P,1<i<n,1<j<k.

Hence, Lemma 5 holds. O



Lemma 6 Let M be an n-first-SFA. There is an (n + 1)-PRLG, G, such that L(G) = L(M).

Proof. Let M = (Q,X,0,qo,q:, F, R). Consider G = (N, ..., N,, X, S, P), where N; =
QX' x Q x {i} xQ)U(Q x {i} x Q),l = max{|w|: qu — p € §},0 < i < n, and

P ={S = [qz0,°,0, ¢l @1, ¢", 1, 41 ) [0, 22, ¢, 2, i) - - (€1, %0, €1, G1,) 2 70-G0T0 —

¢ g — ¢ o Ty — @ TGy T — ¢ €D,

(7“0,’/‘1>, (7"1, 7‘2), ce (Tn—la ’f‘n) € R, i, € F}U

{la.i,q) = e:q€Q}U

{lg.i,p] — wld',4,p] : quw — ¢’ € 5}

Next, we prove L(G) = L(M). To prove L(G) C L(M), observe that we make n+ 1 copies
of M and go through them similarly to Fig. 3. Consider a derivation of w in GG. Then, in greater
detail, this derivation is of the form

S = [QO$87 Q?7 07 Qt} [th(l)a q%a ]-) QZ1] o [Qin71x87 q’?? n, qzn]
= 378[6]?, 07 qt]xé[Q%v 17 %1] cee 138[(]?7 n, Q’Ln]

= 2023[49, 0, rlrgri [z, 1, ¢, ) - - 2h g, m, i, (1)
= xgx? .. .:L‘Z[qt, 0, qt]x(l)a:% .. .xi[qil, Logy]...xgzt . 2¥qi,, n, ¢,

0,.0 0,.1..1 1 n,_.n n
:>$Ol’1...Ik$OI1...JIk...IOZ’1...l’k

and 79.qoxd — ¥, r1.qixd — @b, reqi Tt — @3, 0G0 — g7 €5, (ro,71), (T1,79), -+ -,
(rn_1,m) € R,and ¢;, € F.
Thus, the list of rules used in the acceptance of w in M is

1= (qgozg — ¢z} = &) ... (qhaf — @)
(qxy — a)) (@) — @) - (qex), — ¢)

(g5 — a}) (a1} — @) - - (qrxh — ¢iy) 2)

(Gin_1 g — a7)(qt2} — q3) .. (Groy — i)

Now, we prove L(M) C L(G). Informally, the acceptance is divided into n + 1 parts of the
same length. Grammar G generates the ith part by the sth component and records the state from
which the next component starts.

Let p be a list of rules used in an acceptance of w = z029 ... 20%xiz] ...z} ... xlat ... a¥
in M of the form (2). Then, the derivation of the form (1) is the corresponding derivation of w
in G since [q},4,p] — 24[q},,,4,p] € Pand [q,4,q] — e, forall 0 <i<n,1<j <k

Hence, Lemma 6 holds. O

The first main result of this paper follows next.
Theorem 7 Foralln >0, W, = R, 1.
Proof. This proof follows from Lemma 5 and 6. ad

Corollary 8 The following statements hold true.
1. REG=WycWycCcWycC...cCS.



Wy c CF.

Wy & CF.

CF W, foranyn > 0.

For all n > 0, W,, is closed under union, finite substitution, homomorphism, intersection
with a regular language, and right quotient with a regular language.

6. Foralln > 1, W, is not closed under intersection and complement.

SR

Proof. Recall the following statements proved in [21]:

-REG=RiCRy;yCR3C...CC8S.

- Ry, C CF.

-CF¢Z R,,n>1.

— For all n > 1, R, is closed under union, finite substitution, homomorphism, intersection
with a regular language, and right quotient with a regular language.

— Forall n > 2, R,, is not closed under intersection and complement.

These statements and Theorem 7 imply statements 1, 2, 4, 5, 6 of Corollary 8. Moreover, observe
that {a"b"c* : n > 0} € Wy — C'F, which proves 3. 0

Theorem 9 For alln > 1, W, is not closed under inverse homomorphism.

Proof. Forn = 1, let L = {a*b* : k > 1}, and let the homomorphism % : {a, b, c}* — {a,b}*
be defined as h(a) = a, h(b) = b, and h(c) = €. Then, L € W, but

L'=hL)Nnc'a*b* = {c*a"b . k> 1} ¢ W).

Assume that L’ is in ;. Then, by Theorem 7, there is a 2-PRLG G = (N, Ny, T, S, P)
such that £(G) = L. Let k > |P| - max{|w| : X — wY € P}. Consider a derivation of
c*a*b* € L'. The second component can generate only finitely many as; otherwise, it derives
{a*b™ : k < n}, which is not regular. Analogously, the first component generates only finitely
many bs. Therefore, the first component generates any number of as, and the second component
generates any number of bs. Moreover, there is a derivation of the form X =" X, for some
X € N,,and m > 1, used in the derivation in the second component. In the first component,
there is a derivation A = a*A, for some A € Nj, and s,/ > 1. Then, we can modify the
derivation of c*a*b* so that in the first component, we repeat the cycle A =! a®A (m+1)-times,
and in the second component, we repeat the cycle X =" X (I + 1)-times. The derivations of
both components have the same length—the added cycles are of length ml, and the rest is of
the same length as in the derivation of cFakbk. Therefore, we have derived ¢*a"b*, where r > k,
which is not in L'—a contradiction.

For n > 1, the proof is analogous and left to the reader. O

Corollary 10 For all n > 1, W, is not closed under concatenation. Therefore, it is not closed
under Kleene closure either.

Proof. Forn = 1,let L1 = {c}* and Ly = {a*b* : k > 1}. Then, L, L, = {c*a*b* : k > 1}.
Analogously, prove this corollary for n > 1. ad



4.2 n-Turn All-Move Self-Regulating Finite Automata

This section discusses n-turn all-move self-regulating finite automata. It proves that the family
of languages accepted by n-all-SFAs coincides with the family of languages generated by n-
RLSMGs.

Lemma 11 For every n-RLSMG, G = (Ny, ..., N,,T,S, P), there is an equivalent n-RLSMG,
G, that satisfies:

1. if[S — Xi...X,], then X, does not occur on the right-hand side of any rule, 1 < i < n;
2. if[S — al], [S — f] € Pand o # 3, then alph(a) N alph(B) = 0;

3. for any two matrices my, my € P, if my[i| = mali], for some 1 < i < n, then m; = mo.

Proof. The first two conditions can be proved analogously to Lemma 4. Suppose that there are
matrices m and m/' such that m[i] = m/[i], forsome 1 <i <n.Letm = [X] — z1,...,X,, —
xpl, m = [Y1 — w,..., Y, — y,). Replace these matrices with matrices m; = [X; —
X oo X = X ,me =X = 21,...,X, = x,),and m) = [V = Y/,...)Y, = Y],
my = Y — yi,...,Y" — y,], where X/, Y;” are new nonterminals for all i. These new
matrices satisfy condition 3. Repeat this replacement until the resulting grammar satisfies the
properties of G’ given in this lemma. O

Lemma 12 Let G be an n-RLSMG. There is an (n — 1)-all-SFA, M, such that L(G) = L(M).

Proof. Without loss of generality, we assume that G = (Ny,..., N,,T,S, P) is in the form
described in Lemma 11. We construct (n — 1)-all-SFA M = (Q, T, 9, qo, g1, F, R), where () =
{qo,- - g} UN, N =N U...UN.. {q0, 1, -, @} "N =0, F ={q,,}, 6 = {¢ — X1 :
S—=X1..X,] e PO0<i<n}U{Xw —Y:[Xg—>wY,..., X, = wY,]€P 1<
i<ntU{Xw —q:[Xi—>w,.... X, s w] €EP,w, €T 1<i<nlb¢=q,¥=0
with the identity map, and R = {(¢; — Xi11,¢ir1 — Xipo) 1 [S — X1... X, € P,0<i <
n — 2} U {(szz — )/iaXi—&—lwi—&—l — Yi+1) : [Xl — wlYl,...,Xn - wnYn] € P, 1 S 1<
TL} U {(szz — qi,XiniH — Qi—i-l) : [Xl —wy,..., X, — wn] cePweTl*1<1< TL}

We next prove L(G) = L(M). The proof of L(G) C L(M) is very similar to the proof of
the same inclusion of Lemma 5, so it is left to the reader.

To prove L(M) C L(G), consider w € L(M) and an acceptance of w in M. As in Lemma
5, the derivation looks like the one depicted on the right-hand side of Fig. 3. Next, we generate
w in G as follows. By Lemma 11, there is matrix [S — X[X?...X7] in P. Moreover, if

Xiazt — X1, 1 <i<mn,then (X} — /X!, | X" — 25" X)) e Rforl <i<mn, 1<

j < k.Weapply [X] — x;X} ..., X} — 27X} ] from P.If Xjaj — ¢;, 1 <i < n, then
(X} — a8, Xj — 20ty € R, for 1 < i < n, and we apply [ X} — z},..., X} — 2¥] € P.
Thus, w € L(G).

Hence, Lemma 12 holds. O

Lemma 13 Let M be an n-all-SFA. There is an (n + 1)-RLSMG, G, such that L(G) = L(M).

Proof. Let M = (Q,X,0,qo,q:, F, R). Consider G = (N, ..., N,, X, S, P), where N; =
QX' x Q x {i} xQ)U(Q x {i} x Q),l = max{|w|: qu — p € §},0 < i < n, and

P ={[S = [qowo,¢",0, ¢) @1, 4" 1, qiy] - - @iy T 4 10, 43, )] -
To-QoTo — ¢°, 1.1 — @, Tn i, T — ¢ € 0,
(ro,m1)y- - (rn_1,m0) € R,q;, € F}U
{[lpozo, 90,0, 0] = x0[qo, 0,70], - - ., [PnTns Gns 1, Tn] — TplGn, n, ra]] JU
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{HQO707¢I0] HE,---a[Qm“»Qn] _)5] - q; € Q? 0 SZSTL}U

{quOapO] - wU[Q(,bO?pO]a I [QHanapn] - wn[q;anapn]] . rj'ijj - q, € 57 0 S j S
J

n, (ri,ri41) € R, 0 <i<n}.

Next, we prove L(G) = L(M). To prove L(G) C L(M), consider a derivation of w
in G. Then, the derivation is of the form (1) and there are rules ro.qozy — ¢, r1.qixy —
@, TneGi, TG — ¢i in § such that (ro,71), ..., (rp—1,7) € R. Moreover, (r}, ré“) € R,
where r!.ghat — ¢}, € 0, and (r}, rith) € R, where rl.ghat — ¢, €0,0<1<n,1<j <k,
gi, denotes ¢;, and ¢;, € F'. Thus, M accepts w with the list of rules p of the form (2).

To prove L(M) C L(G), let 11 be a list of rules used in an acceptance of

_,.0,0 0,..1..1 1 n,..n n
W=2XgTy...TpToTy...Tp...Tnly ... Ty

in M of the form (2). Then, the derivation is of the form (1) because

qua 07 Qt] - x?[Q?+17 07 qt]a R [qya n, an] - :U;'L[qy-t,-l? n, qln“ € Pa
forall ¢ € Q1 <i<n1<j<kandgn0.q] = e, ... [0, na] —c €P.
Hence, Lemma 13 holds. O

The second main result of this paper follows next.
Theorem 14 Foralln > 0, S,, = R, 4.
Proof. This proof follows from Lemma 12 and 13. O

Corollary 15 The following statements hold:

1. REG=5,C S CSyC...cCSs.

2. 51 € CF.

3. CF ¢ S, for every n > 0.

4. Foralln > 0, S, is closed under union, concatenation, finite substitution, homomorphism,
intersection with a regular language, and right quotient with a regular language.

5. Foralln > 1, S, is not closed under intersection, complement, and Kleene closure.

Proof. Recall the following statements proved in [28]:

- REG = Rm C R[g} C R[g} c...cCs.

— For all n > 1, Ry is closed under union, finite substitution, homomorphism, intersection
with a regular language, and right quotient with a regular language.

— For all n > 2, Ry, is not closed under intersection and complement.

Furthermore, recall these statements proved in [23] and [24]:

— Forall n > 1, Ry, is closed under concatenation.
— For all n > 2, Ry, is not closed under Kleene closure.

These statements and Theorem 14 imply statements 1, 4, and 5 of Corollary 15. Moreover,
observe that {ww : w € {a,b}*} € S; — CF (see Example 2), which proves 2. Finally, let
L = {wcw" : w € {a,b}*}. In [4, Theorem 1.5.2], there is a proof that L ¢ Ry, for any
n > 1. Thus, 3 follows from Theorem 14. O

Theorem 16, given next, follows from Theorem 14 and from Corollary 3.3.3 in [24]. How-
ever, Corollary 3.3.3 in [24] is not proved effectively. We next prove Theorem 16 effectively.
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Theorem 16 S, is closed under inverse homomorphism, for all n > 0.

Proof. Forn = 1, let M = (Q, X, 0, qo,q:, F, R) be a 1-all-SFA, and let h : A* — X* be
a homomorphism. Next, we construct 1-all-SFA M’ = (Q', A, ¢, ¢4, ¢;,{q}}, ') accepting
h=Y(L(M)) as follows. Denote k¥ = max{|w| : qw — p € §} + max{|h(a)| : a € A}. Let
Q =q,U{lr,q,y] : z,y € X* |z|, |ly| <k, ¢ € Q}. Initially, set &’ and R’ to (). Then, extend
0" and R’ by performing 1 through 5:

1. Fory € X*, |y| < k, add
(% — [, 90,940 — [y, a,€]) to R
2. For A e @, q# ¢, add
([z,9,9la — [zh(a),q,y],A — A) to R;
3. For A € )/, add
(A— A [x,q,¢la — [zh(a),q,¢]) to R';
4. For (qv — p,¢'2’ — p') € R, ¢ # ¢, add
([.TU), q, y} - [wap7 y]7 [ w/’ q',E] [’LU , P ,E]) to R,;
5. For gy € I, add

([, @91 = a1 e, q5,€] = qf) to R
In essence, M’ simulates M in the following way. In a state of the form [z, q,y], the three

components have the following meaning:

-z = h(a;y...a,), where a; . .. a, is the input string that M’ has already read,;

— ¢ is the current state of M

— y is the suffix remaining as the first component of the state that A/’ enters during a turn; y is
thus obtained when M’ reads the last symbol right before the turn occurs in M; M reads y
after the turn.

More precisely, h(w) = w;yws, where w is an input string, w; is accepted by M before making
the turn, i.e. from ¢y to ¢, and yw, is accepted by M after making the turn, i.e. from ¢; to
qr € F'. Arigorous version of this proof is left to the reader.

For n > 1, the proof is analogous and left to the reader. O

4.3 Language Families Accepted by n-first-SFAs and n-all-SFAs

In this section, we compare the family of languages accepted by n-first-SFAs with the family of
languages accepted by n-all-SFAs.

Theorem 17 Foralln > 1, W, C S,,.

Proof. In [21] and [28], it is proved that for all n > 1, R,, C R},). The proof of Theorem 17
thus follows from Theorem 7 and 14. O

Theorem 18 W, € S, 1, n > 1.

Proof. 1tis easy to see that L = {a}a5...al,, : k> 1} € W, = R,1. However, L € S,_; =
Ry, (see Lemma 1.5.6 in [4]). O

Lemma 19 For each regular language, L, language {w" : w € L} € S,,_;.
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Proof. Let L = L(M), where M is a finite automaton. Make n copies of M. Rename their
states so all the sets of states are pairwise disjoint. In this way, also rename the states in the
rules of each of these n automata; however, keep the labels of the rules unchanged. For each
rule label 7, include (7, ) into R. As a result, we obtain an n-turn all-move self-regulating finite
automaton that accepts {w™ : w € L}. A rigorous version of this proof is left to the reader. O

Theorem20 S, — W # 0, for alln > 1, where W = J,~_, Wi,

Proof. By induction on n > 1, we prove that language L = {(cw)"™ : w € {a,b}*} &€ W.
From Lemma 19, L € S,,.

Basis: For n = 1, let G be an m-PRLG generating L, for some positive integer m. Consider a
sufficiently large string cwicws € L such that w; = wy = a™b™, ny > n; > 1. Then, there is
a derivation of the form

S =P
21 A1 Ay Ay =F Ty Aoy Az . T YmAm (3)
in GG, where cycle (3) generates more than one a in w;. The derivation continues as

T1y1 Aoy As . T Ym A =7
1121 B122y222 By . . . T YmZm B =! 11 21U Bixayazoua By . . XY 2 U By (4)

(cycle (4) generates no as) =° cw;cws.

Next, modify the left derivation, the derivation in components generating cw;, so that the a-
generating cycle (3) is repeated (I + 1)-times. Similarly, modify the right derivation, the deriva-
tion in the other components, so that the no-a-generating cycle (4) is repeated (k + 1)-times.
Thus, the modified left derivation is of length p+k(I+1)+r+1l+s=p+k+r+I1(k+1)+s,
which is the length of the modified right derivation. Moreover, the modified left derivation gen-
erates more as in w; than the right derivation in ws—a contradiction.

Induction step: Suppose that the theorem holds for all n < k, for some k£ > 1. Consider
n + 1 and let {(cw)"™ : w € {a,b}*} € W, for some [ > 1. As W, is closed under the
right quotient with a regular language, and language {cw : w € {a,b}*} is regular, we obtain
{(cw)™ : w € {a,b}*} € W; C W—a contradiction. 0

Fig. 4 summarizes the language families discussed in this paper.

5 Conclusion and Discussion

This paper has discussed self-regulating finite automata. As demonstrated next, we can analog-
ically introduce and discuss self-regulating pushdown automata.

Recall that a pushdown automaton (see [15]), M, is a septuple M = (Q, X, I', 9, qo, Zo, F),
where QQ, X, qo € @, F' are as in a finite automaton, [ is a finite pushdown alphabet, ¢ is a finite
set of rules of the form Zquw — vp, q¢,p € Q, Z € I'yw € X*,~v € I'*, and Z; is an initial
pushdown symbol. Again, let 1) denote the bijection from J to ¥, and write r.Zqw — ~yp instead
of (Zqw — ~p) = r. A configuration of M is any word from Q) X*. For any configuration
rAquwy, where x € I,y € X* g € (), and any r. Aquw — vp € 6, M makes a move from
xAquy to zypy according to r, written as z Aqwy = z7ypy [r]. As usual, we define closure =*.
If w € X* and Zyqow =* f|u], f € F, then w is accepted by M and Zyqow =* f [u] is an
acceptance of w in M. The language of M is defined as L(M) = {w € X* : Zyqow =" f[y]
is an acceptance of w}.
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Fig. 4: The hierarchy of languages.

Definition 21 A self-regulating pushdown automaton, SPDA, M, is a nonuple
M = (QaZaF75aq07qtyzO7F7R)>
where

1. (Q, X, T4, qo, Zy, F) is a pushdown automaton,
2. q; € Q) is a turn state, and
3. R C ¥ x V¥ is afinite relation, where ¥ is an alphabet of rule labels.

Definition22 Letn > 0 and M = (Q, X, I, 6, qo, qi, Zo, F', R) be a self-regulating pushdown
automaton. M is said to be an n-turn first-move self-regulating pushdown automaton, n-first-
SPDA, if M accepts w in the following way. There is an acceptance Zyqow =" f [u] such
that

.0 0,1 1 n n
W=T{.. . Ty T Ty T,

where k € N, r) is the first rule of the form Zqx — g, forsome Z € I', q € Q, v € X*,
v e [, and o
(™) eR
forall 0 < j < n.
The family of languages accepted by n-first-SPDAs is denoted by £(n-first-SPDA).

Definition 23 Let n > 0 and M = (Q, X, I, 6, qo, qt, Zo, F, R) be a self-regulating pushdown
automaton. M is said to be an n-turn all-move self-regulating pushdown automaton, n-all-
SPDA, if M accepts w in the following way. There is an acceptance Zygow =" f [u] such
that

_,.0 0.1 1 n n
=T ...T T T T ... T,

where £k € N, r,g is the first rule of the form Zgx — ~q;, forsome Z € I', q € Q, v € X*,
v € I'", and o
(i) eR
forall1 <: <k, 0<7j<n.
The family of languages accepted by n-all-SPDAs is denoted by £(n-all-SPDA).



14

5.1 n-Turn All-Move Self-Regulating Pushdown Automata

It is easy to see that an n-turn all-move self-regulating pushdown automaton without any turn
state is exactly a common pushdown automaton. Therefore, £(0-all-SPDA) = C'F. Moreover,
if we consider 1-turn all-move self-regulating pushdown automata, their power is that of the
Turing machines.

Theorem 24 L(1-all-SPDA) = RE.

Proof. For any L. € RE, L. C A*, there are context-free languages £(G) and L£(H) and
a homomorphism ~ : X* — A* such that L = h(L(G) N L(H)) (see Theorem 1.12 in
[14]). Suppose that G = (Ng, X, Pg,Sg), H = (Ny, X, Py, Sy) are in the Greibach nor-
mal form, i.e. all rules are of the form A — ac«, where A is a nonterminal, @ is a termi-
nal, and « is a (possibly empty) string of nonterminals. Let us construct 1-all-SPDA M =
({q0,q, 9,0, [}, A, XY UNcUNgU{Z},6,q0, Z,{f},R), Z & X U Ng U Ny, with R made
as follows:

1. add (Zqo — ZSqq, Zqs — ZSyp) to R

2. add (Aq — B, ...B1aq,Cp — D,, ... Diap) to R if
A—aB;...B, € Pgand
C —aD;...D,, € Py

3. add (agh(a) — q,ap — p)to R

4. add (Zq — Zq;, Zp — f)to R

Moreover, ¢ contains only the rules from the definition of R.
Now, we prove w € h(L(G) N L(H)) if and only if w € L(M).

Only if Part: Let w € h(L(G) N L(H)). There are ay,as, . ..,a, € X such that ayas...a, €
L(G)NL(H) and w = h(ayas .. .ay,), for some n > 0. There are leftmost derivations Sg ="
aias . ..a, and Sy =" ajas...a, of length n in G and H, respectively, because in every
derivation step exactly one terminal element is derived. Thus, M accepts h(a;)h(as) ... h(a,)
as

Zqoh(ay)h(as) ... h(a,) = ZSgqh(ai)h(az) ... h(ay,), ..., Zayqh(a,) = Zq, Zq = Zq,

Zqy = ZSup, ..., Zayp = Zp, Zp = f.

In state g, by using its pushdown, M simulates G’s derivation of a; ... a, but reads h(a;)...
h(a,) as the input. In p, M simulates H’s derivation of ajas...a, but reads no input. As
ajas . . . a, can be derived in both G and H by making the same number of steps, the automaton
can successfully complete the acceptance of w.

If Part: Notice that in one step, M can read only h(a) € A*, for some a € X. Let w € L(M),
then w = h(ay)h(az) ... h(a,), for some ay, as, ..., a, € X. Consider M’s acceptance of w

Zqoh(ay)h(az) ... h(a,) = ZSgqh(ai)h(az) ... h(ay,),. .., Zayqh(a,) = Zq, Zq = Zq,

Zqi = ZSup,...,Za,p = Zp, Zp = f.

As stated above, in ¢, M simulates G’s derivation of ajas ... a,, and then in p, M simulates
H’s derivation of aqas . . . a,. It successfully completes the acceptance of w only if a,as ... a,
can be derived in both GG and H. Hence, the if part holds, too. O
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5.2 Open Problems

Although the fundamental results about self-regulating automata have been achieved in this
paper, there still remain several open problems concerning them. Perhaps most importantly,
these open problem areas include 1 through 3 given next:

1.

2.

What is the language family accepted by n-turn first-move self-regulating pushdown au-
tomata, when n > 1 (see Definition 22)?

By analogy with the standard deterministic finite and pushdown automata (see page 145 and
page 437 in [15]), introduce the deterministic versions of self-regulating automata. What is
their power?

. Discuss the closure properties of other language operations, such as the reversal.
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