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Self-Regulating Finite Automata

Alexander Meduna* and Tomas Masopust*

Abstract

This paper introduces and discusses self-requlating finite automata. In
essence, these automata regulate the use of their rules by a sequence of rules
applied during previous moves. A special attention is paid to turns defined
as moves during which a self-regulating finite automaton starts a new self-
regulating sequence of moves. Based on the number of turns, the present
paper establishes two infinite hierarchies of language families resulting from
two variants of these automata. In addition, it demonstrates that these hier-
archies coincide with the hierarchies resulting from parallel right linear gram-
mars 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.

Keywords: regulated automata, self-regulation, infinite hierarchies of lan-
guage families, parallel right linear grammars, right linear simple matrix
grammars

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-requlating 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
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word, so p can be expressed as a concatenation of n + 1 consecutive subsequences,
P = pop1---pPn, lpil = |pjl, 0 < i,5 < n, in which r/ denote the rule according to
which the ith move in p; is made, for all 0 < j <n and 1 <i <|p;| (as usual, |pj]|
denotes the length of p;). If for all 0 < j < n, (r{,r{“) € R, then M represents
an n-turn first-move self-requlating finite automaton with respect to R. If for all
0<j<mnandalll<i<|pl, (+7,77") € R, then M represents an n-turn all-move
self-requlating 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 n-turn first-move self-regulating finite automata give
rise to an infinite hierarchy of language families coinciding with the hierarchy re-
sulting from (n + 1)-parallel right linear grammars (see [20, 21, 27, 28]). Recall
that n-parallel right linear grammars generate a proper language subfamily of the
language family generated by (n + 1)-parallel right linear grammars (see Theorem
51in [21]). As a result, 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 automata, 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 ma-
trix 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 fam-
ilies of right linear simple matrix languages coincide with the language families
accepted by multitape nonwriting automata (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 dis-
cussion of self-requlating 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 au-
tomata. 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 @. N = {1,2,3,...} denotes the set of all natural numbers. For an
alphabet V', V* represents the free monoid generated by V under the operation of
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concatenation. The identity of V* is denoted by . Set VT = V*—{e}; algebraically,
VT 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, d, qo, F'), where @ is a finite
set of states, Y. is a finite input alphabet, ¢ is a finite set of rules of the form qw — p,
q,p € Q,w e X* qo € Q 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 € § to r, where r € U, we write
r.qw — p € 0; in other words, r.qw — p means ¥ (quw — p) = r. A configuration of
M is any word from @QX*. For any configuration qwy, where y € ¥*, ¢ € @, and
any r.qw — p € §, M makes a move from configuration quwy to configuration py
according to r, written as quy = py [r]. Let x be any configuration of M. M makes
zero moves from y to x according to e, written as x =" x[¢]. Let there exist a

sequence of configurations xo, X1, - - -, Xn, for some n > 1, such that y;—1 = x; [ri],
where 7, € ¥, ¢ = 1,...,n. Then, M makes n moves from xo to x, according
to 71, ..., 7y, symbolically written as xo =" Xxn [r1-..7n]. We write ¢ =* & [u] if

@ =™ k[p] for some n > 0. If w € ¥* and gow =* f[u], for f € F, then w is
accepted by M and qow =* f [u] is an acceptance of w in M. The language of M
is defined as L(M) = {w € ¥* : 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 = (Ny,..., N,,T,S, P), where N;, 1 <i < n, are mutually disjoint nonterminal
alphabets, T is a terminal alphabet, S & N is an initial symbol, N = Ny U---UN,,
and P is a finite set of rules that contains three kinds of rules:

1. - X;...X,, X, €N, 1 <1<
2. X - wY, X, Y e N, forsomei, 1 <i<n,weT*
3. X — w, XeN, weT".

For z,y € (NUT U{S})*, x = y if and only if

1. either x =S and S — y € P,

2.0or x = X1 YnXn, Y = Y121 ... YnTn, Where y; € T*, x; € T*N UTH,
X;€N;,and X; —x; € P, 1 <i<n.

If z,y € (NUTU{S})* and | > 0, then x = y if and only if there exists a sequence
To = T1 = -+ = T, Tg = T, 7y = y. Then, we say z =T y if and only if there
exists [ > 0 such that = y, and 2 =* y if and only if x = y or # =T 3. The
language generated by an n-PRLG, G, is defined as £(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 = £(G). The family of n-PRLLs is denoted by R,.

For n > 1, an n-right linear simple matriz grammar, n-RLSMG, is an (n +
3)-tuple G = (Ny,...,N,,T,S, P), where N;, 1 < i < n, are mutually disjoint
nonterminal alphabets, T is a terminal alphabet, S ¢ N is an initial symbol,
N =NyU---UN,, and P is a finite set of matrix rules. A matrix rule can be in
one of the following three forms:
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1. [S—>X1Xn], X, e N, 1<i<m
2. [Xl —>w1Y1,...,Xn—>wnYn], w; ET*, Xi,Yvi ENi, 1< <
3. [X1—>w1,...,Xn—>wn], XZENZ,wleT*,lgzgn

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

1. either z = S and [S — y] € P,
2.orx =1 X1 YnXn, Y = Y121 ... YnTn, Where y; € T* x; € T*N U T,
X, eN;, 1 <i<n,and [X; — 21,...,X,, = x,] € P.

We define z =1 y and & =* y as above. The language generated by an n-RLSMG,
G, is defined as L(G) = {w € T* : S =T w}. Language L C T* is an n-right
linear simple matriz language, n-RLSML, if there is an n-RLSMG, G, such that
L = L(G). The family of n-RLSMLs is denoted by Ry,;.

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,S’, P'), where P’
contains rules of the following forms:

1SI—>X1 ifSHXl...XnEP,XiENi;
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 au-
tomata and n-turn all-move self-regulating finite automata.

Definition 1. A self-regulating finite automaton, SFA, M, is a septuple
M= (Q?Zaav quqtvFv R)a
where

1. (Q,%,0,q0, F) is a finite automaton,

2. q: € Q is a turn state, and

3. RC WU 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.
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Definition 2. Letn > 0 and M = (Q,X%, 6, qo, g+, F, R) be a self-requlating 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 qow =* f [u] such that

.0 0.1 1 n n
H=Ty...TeTry o T oo Ty oo Ty

where k € N, 19 is the first rule of the form qx — gy, for some q € Q, v € £*, and
(rl,ri™) eR

for all 0 < j < n.
The family of languages accepted by n-first-SFAs is denoted by W,,.

Example 3. Consider a 1-turn first-move self-regulating finite automaton, M =
({s,t, f}, {a,b}, 0, s, t, {f}, {(1,3)}), with § containing rules 1.sa — s, 2.sa — t,
3.tb— f, and 4.fb — f (see Fig. 1).

OO0
Figure 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 £(M) = {a"b™ : n > 1}, which belongs
to CF — REG.

Definition 4. Let n > 0 and M = (Q, X, 0, qo, ¢:, F, R) be a self-requlating finite
automaton. M is 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 qow =* f [u]

such that

_ .0 0,1 1 n n
ILL—Tl...Tle...Tk...’I“l "'T]C7

where k € N, 1 is the first rule of the form qx — q, for some q € Q, v € ¥*, and

(rl,r ) e R

R

foralll1 <i<Ek, 0<j<n.
The family of languages accepted by n-all-SFAs is denoted by S, .
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Figure 2: 1-turn all-move self-regulating finite automaton M.

Example 5. Consider a 1-turn all-move self-regulating finite automaton, M =
({s,t, f},{a,b}, 98, s,t, {f},{(1,4),(2,5),(3,6)}), with § containing rules 1.sa — s,
2.sb — s,3.8s > t, 4.ta — t, 5.tb — t, and 6.t — f (see Fig. 2).

With abab, M makes

sabab = sbab [1] = sab[2] = tab[3] = tb[4] = t[5] = f6].

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

4 Results

We prove that the family of languages accepted by n-first-SFAs coincides with the
family of languages generated by (n + 1)-PRLGs. Furthermore, we demonstrate
that the family of languages accepted by m-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 4+ 1)-PRLGs. To do so,
we need the following form of parallel right linear grammars.

Lemma 6. For every n-PRLG G = (N1,...,N,,T, S, P), there is an equivalent
n-PRLG G' = (Ny,...,N/},T,S, P'") that satisfies:

1. if S — X1...X,, € P!, then X; does not occur on the right-hand side of any

rule, for 1 <i <n;

2. if S—a, S— p P and a# 3, then alph(a) Nalph(B) = 0.
Proof. If G does not satisfy conditions from the lemma, then we will construct a
new n-PRLG G’ = (N{,..., N],T,S, P’), where P’ contains all rules of the form
X —-peP, X#S5, and N; QNJ’-, 1<j<n. Foreachrule S — X;...X, € P,
we add new nonterminals Y; ¢ N J’ into N J’-, and rules include S — Y7 ...Y,, and
Y; —» X; in P’, 1 < j <n. Clearly,

S=¢X;...X,ifandonlyif S=¢ Y7...Y, = X;... X,,.
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Thus, £(G) = L(G"). O

Lemma 7. 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 automaton accepting the language of G’s ith component, and R also connects
the ith part to the (i + 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 6. We construct an (n — 1)-first-SFA M =
(@Q,T,0,q0,q:, F,R), where @ = {qo,--.,qn} UN, N = Ny U --- U N,,
{e0,q1,--;an} NN =0, F = {qn}, 6 = {¢ = Xit1 : S — X1...X, €
PO<i<nU{Xw —-Y :X - wY € PLU{Xw - ¢ : X - w €
PweT X € Nj,i € {l,....n}}, ¢ = ¢, ¥ = § with the identity map,
andR:{(qi—>Xi+1,qi+1 —>Xi+2)25—>X1...XnEP, 0§Z§7’L—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

P

1 1 1.2 2 n n
oy X 21 X - 2T XY
n

— 2 n
’LU—SCl...SCk Z‘l...l'k Z‘ll'k

in G

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

demonstrates the 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 ¢;_1 to ¢; is the same as
from ¢; to ¢;+1 since the only rule in the relation with ¢,—; — X{ is the rule
q — Xf+1. 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,%,0,qi-1,{¢}), for 1 < i < n.) Now, construct a derivation of w in G. By
Lemma 6, we have [{X : (¢ — X|™',¢iy1 — X) € R} =1, forall 0 < i <
n—1. Thus, S — X{X?...XP € P. Moreover, if X;:E; — X}_H, we apply
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XZ—>;CX+1€Pandlekkaqz,weapplka—>;vkEP1<z<n
1<75<k.
Hence, Lemma 7 holds. [l

Lemma 8. 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%, 6, qo, ¢, F, R). Consider G = (Ny,...,N,, %, S, P), where
N = QX' x Q x {i} x Q)U(Q x {i} x Q), | = max{|w| : qw — p €6}, 0 <14 < n,

and

P = {S - [QO‘TOu qou 07 qt][thla q17 17 qi1][qi1x27 q27 27 ng] s [qin,1$n7 qnu n, Qin]
ro-qozo — ¢°, T1.qe1 — ¢, r2.qi, X2 — ¢4 TnGi, T — ¢" €D,
(TO;TI); (TlaTQ); ceey (’)"nfl,’l"n) S R) i, € F}U

{lpz, g, 7] — x[g,i,7]}U
{lg.1,9] = 2:q€ QU
{lg,i,p] = wl¢',i,p] : qu — ¢ € 6}
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 G. Then, in greater detail, this derivation is of the form

S = [QO:EguCIE)?()aqt][th%)aq%a17qi1] e [qinflxgaq?7nuqin]
= ‘Tg[q?voaqt]x(l)[q%alvqh] "'xg[q{lvnaqin]
= Jigw(l)[qg,(),qt]xézﬂq%,1,q“] : xg‘r?[qgvnaqln] (1)
= ‘Ig‘r(l) "rg[qtvo qt]‘r(l)x%xllc[qnalqul]xgx?x;cl[qznvnaqln]

0,.0 0,.1.1 1 n,n n
= Texi ... TRTHX] .. Tk .. TET] .. Th
0 0 1 1 2 2
and To-qory — 41, 1.9ty — 41, 72.Gi1 Ty — 47, - - - 77’n-Qin,1$8 - Q? € 67 (7”0,7'1),
(ri,72)y..., (rn—1,mn) € R, and ¢;, € F.
Thus, the list of rules used in the acceptance of w in M is

po= (qz)— ql)(qlxl —q3)...(apzh — a)
( two—"h)( 1951 —’Q2) (Qéxllc—’%)
(¢, 25 — &) (G2F — @) - (Gowk — aiy) (2)

(Gin_r o — @)@ 0 — q3) .. (g oy — Gi,)-

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 ¢th component
and records the state from which the next component starts.
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Let 1 be a list of rules used in an acceptance of w in M of the form (2), where

w = 2329 ... 20xxl . x} . afal .. 2. Then, the derivation of the form (1)

is the corresponding derivation of w in G since [g},%,p] — @%[¢},1,%,p] € P and
[q,%,q] — e, forall0<i<n,1<j<k.
Hence, Lemma 8 holds. o

The first main result of this paper follows next.
Theorem 9. For alln >0, W, = R,41.
Proof. This proof follows from Lemma 7 and 8. O
Corollary 10. The following statements hold true.

1. REG=WyCcWi CWyC.---CCS.
2. Wy Cc CF.

3. Wy & CF.

4. CF € W, for anyn > 0.

5.

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

guage.
6. For all n > 1, W, is not closed under intersection and complement.

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

e REG=Ri CRyCR3C---CC(C8S.
e Ry C CF.
e CFZ R,,n>1.

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

e For all n > 2, R, is not closed under intersection and complement.

These statements and Theorem 9 imply statements 1, 2, 4, 5, 6 of Corollary 10.
Moreover, observe that {a"b"c?" : n > 0} € Wy — CF, which proves 3. O

Theorem 11. For all n > 1, W, s not closed under inverse homomorphism.

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

L'=h Y L)Nc*a*b* = {c*a"b* : k> 1} ¢ W,

Assume that L’ is in Wj. Then, by Theorem 9, there is a 2-PRLG G =
(N1, N3, T, S, P) such that £L(G) = L'. Let k > |P| - max{|jw| : X — wY € P}.
Consider a derivation of c*a*b* € L’. The second component can generate only
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finitely many as; otherwise, it derives {a*b™ : k < n}, which is not regular. Anal-
ogously, 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 € Ny, 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 € Ny, and s,1 > 1. Then,
we can modify the derivation of ¢*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 cFa*b*. Therefore, we have derived cFa"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 12. For alln > 1, W, is not closed under concatenation. Therefore, it
is mot closed under Kleene closure either.

Proof. Forn =1, let L1 = {c}* and Ly = {a*b¥ : k > 1}. Then, L1Ly = {c*a*b" :
k > 1}. Analogously, prove this corollary for n > 1. |

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 13. For everyn-RLSMG, G = (N1, ...,N,,T,S, P), there is an equivalent
n-RLSMG, G', that satisfies:

1. 4f [S — X1 ... X,], then X; does not occur on the right-hand side of any rule,
1< <n;

2. 4if [S — o], [S — B8] € P and a # B3, then alph(a) Nalph(B) = 0;

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

mip = may.

Proof. The first two conditions can be proved analogously to Lemma 6. Suppose

that there are matrices m and m' such that m[i] = m/[i], for some 1 < ¢ < n.
Let m = [Xy — z1,...,X,, — x,], W = [Y1 — y1,...,Y, — y»]. Replace
these matrices with matrices m; = [X; — X{,..., X, — X]], ma = [X] —
1,..., X, —al,andm) =[Y1 =Y/, ... Y, =Y/, mb=Y > y1,...,Y) —

Yn), where X/, Y/ are new nonterminals for all 7. These new matrices satisfy
condition 3. Repeat this replacement until the resulting grammar satisfies the

properties of G’ given in this lemma. O

Lemma 14. Let G be an n-RLSMG. There is an (n — 1)-all-SFA, M, such that
L(G) = L(M).
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Proof. Without loss of generality, we assume that G = (Ny,...,N,,T,S,P)
is in the form described in Lemma 13. We construct (n — 1)-all-SFA M =
(@Q,T,0,q0,q:, F,R), where @ = {qo,-..,qn} UN, N = Ny U --- U N,,
{2001 .an} NN =0, F ={gn}, 6 ={gi > Xj11 : [S = X1...X,] € P,0 <
i<ntU{Xw, - Y : [ X1 > wY,.... X, > w,Y,] € P 1<i<n}U{Xuw —
g : [ X1 —wi,..., Xp s wy] € Pw €T, 1 <i<n}, ¢ =q, V=27 with the
identity map, and R = {(¢; — Xi11,¢i+1 — Xig2) : [ — X1... X, ] € P,0<i <
n— 2} @] {(XZ’LUZ — }/i,X»L'+1wZ'+1 — }/iJrl) : [Xl — w1 Yr,...,Xn — wnYn] eP 1<
1 < TL} @] {(XZ’LUZ — @iy Xip1Wir1 — QiJrl) : [Xl — wy,..., X, — wn] € P w; €
T, 1<i<n).

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 7, 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 7, 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 13, there is matrix
[S — X{X?...X]] in P. Moreover, if Xz} — X!, ,, 1 <i < n, then (X} —

xé—X;+1,X;+1 — ;C;-HX;ID € R, forl1 <i<mn,1<j<k Weapply [le —

:E}X}+1,...,X;l — o7 X7, ] from P. If Xizt — ¢, 1 < i < n, then (X} —
:E;;,X;;rl — :E}:rl) € R, for 1 <i < mn, and we apply [X} — z},..., X — a}] € P.
Thus, w € L(G).

Hence, Lemma 14 holds. o

Lemma 15. 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%,9,q0,q, F,R). Consider G = (Ny,...,N,, X, S, P), where

Ni= QY xQx{i} xQ)U(Q x {i} x Q), | = max{|w| : qu — p €}, 0 <7 < n,
and

P = {[S - [QO$07q0707qt][thl7ql7 17611'1] s [qinflxn7qn7nuqin]] :

70-qoxo — ¢°,T1.qsT1 = ¢, T, T — g €D,

(ro,71),-+ ., (Th—1,mn) € R, q;, € F}U

{[[poxo, 90,0, 0] — x0[q0,0,70],- -, [PnZn, Gn, 1, Tn] — Tnlgn,n, ] U
{[lg0,0,90] — &,---,[qn,n,qn] — €]l :q: € Q,0 <17 <n}U

{ll90,0,p0] — wolqp,0,p0]; - - -, [qn, 7, Pn] — walgy, n,pnl] : Tj.q5w; — ¢ €

5,0<j<n, (ry,rs) € 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 79.goz) —
A riqxy — gty rneqi, Ty — ¢ in § such that (ro,r1), ..., (rn—1,7n) € R.
Moreover, (ré,ré“) € R, where réqéxé — q§»+1 € 6, and (rfc,rfjl) € R, where
rfc.quxéc —q, €9,0< 1l <n,1<j <k, g, 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 u be a list of rules used in an acceptance of

_ 0.0 0,11 1 n,. n n
W =TTy .. . Tploly...Th...TaTy ... T
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in M of the form (2). Then, the derivation is of the form (1) because

[[q_g)a 07 Qt] - $2[q?+1,0, qt]a ey [q}l,n, an] - x?[qg‘:—lanv an]] S Pa
forall ¢f € Q,1<i<n,1<j<k, and [[¢,0,¢] —¢,...,[q,,7,¢,] — €] €P.
Hence, Lemma 15 holds. O

The second main result of this paper follows next.
Theorem 16. For alln >0, S, = Ry, 41)-
Proof. This proof follows from Lemma 14 and 15. (|
Corollary 17. The following statements hold:

REG=5S,cSi;cSyc---cCS.
S1 € CF.
CF ¢ S, for every n > 0.

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

e v o~

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

Proof. Recall the following statements proved in [28]:
e REG = R[l] C R[g] C R[g] c---cCS.

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

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

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

e For all n > 1, Ry, is closed under concatenation.

e For all n > 2, Ry, is not closed under Kleene closure.

These statements and Theorem 16 imply statements 1, 4, and 5 of Corollary 17.
Moreover, observe that {ww : w € {a,b}*} € S; — CF (see Example 5), which
proves 2. Finally, let L = {wew® : 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 16. O

Theorem 18, given next, follows from Theorem 16 and from Corollary 3.3.3
in [24]. However, Corollary 3.3.3 in [24] is not proved effectively. We next prove
Theorem 18 effectively.

Theorem 18. S,, is closed under inverse homomorphism, for all n > 0.
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Proof. Forn=1,let M =(Q,X,0,qo, g, F, R) be a 1-all-SFA, and let h : A* — ¥*
be a homomorphism. Next, we construct 1-all-SFA M’ = (Q', A, ¢, qf, ¢}, {q}}, R)
accepting h=1(L(M)) as follows. Denote k = max{|w| : quw — p € §}+max{|h(a)| :
a€ A} Let Q' =gy U{[z,q.y]: z,y € %, |z|,|y| <k, ¢ € Q}. Initially, set ¢’ and
R’ to (0. Then, extend ¢’ and R’ by performing 1 through 5:

1. For y € ¥*, |y| < k, add
(90 = [e, 90, 0], 4t — [y, qu.€]) to R;

2. For A€ Q', q # ¢, add
([, q,yla — [zh(a),q,y], A — A) to R';

3. For A€ @', add
(A— A [z,q,¢]a — [zh(a),q,¢]) to R';

4. For (qx — p,q'z’ — p') € R, q¢ # ¢, add
([zw,q,y] = [w,p,y], [z'w', ¢ €] — [w',p',]) to R';
5. For gy € I, add
([y7 qt, y] - qga [57 vag] - Q}) 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:
e z="h(a;...ay), where a; .. .a, is the input string that M’ has already read;

e ¢ is the current state of M;

e y is the suffix remaining as the first component of the state that M’ 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) = wiyws, where w is an input string, w, is accepted by M
before making the turn, i.e. from gy to ¢;, and yws is accepted by M after making
the turn, i.e. from ¢ to ¢ € F. A rigorous 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 19. For alln>1, W, C S,.

Proof. In [21] and [28], it is proved that for all n > 1, R, C Rj,. The proof of
Theorem 19 thus follows from Theorem 9 and 16. O

Theorem 20. W,, £ S,,_1, n > 1.
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Proof. 1t is easy to see that L = {a}a}...ak , : k > 1} € W, = R,,+1. However,
L & Sn-1 = Ry (see Lemma 1.5.6 in [4]). O

Lemma 21. For each regular language, L, language {w™ : w € L} € S, _1.

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 r, include (r,r) 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. |

Theorem 22. 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 21, 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"2,
ng > ny > 1. Then, there is a derivation of the form

S =P
LL‘lAlngg - {EmAm :>k xlylAlxgygAg - l‘mymAm (3)

in G, where cycle (3) generates more than one a in w;. The derivation continues
as

211 AL - T Ym A =T
21912181 o T Ymzm B = y121u1Bi - XY 2 i Bin, (4)

cycle (4) generates no as) =° cwicws.
(cy g

Next, modify the left derivation, the derivation in components generating cw;, so
that the a-generating cycle (3) is repeated (14 1)-times. Similarly, modify the right
derivation, the derivation in the other components, so that the no-a-generating
cycle (4) is repeated (k 4+ 1)-times. Thus, the modified left derivation is of length
p+k(l+1)+r+i+s=p+k+r+1(k+1)+s, which is the length of the modified
right derivation. Moreover, the modified left derivation generates more as in wy
than the right derivation in we—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. O

Fig. 4 summarizes the language families discussed in this paper.
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Figure 4: The hierarchy of languages.

5 Conclusion and Discussion

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

Recall that a pushdown automaton (see [15]), M, is a septuple M = (@, %, T, 4,
qo, Zo, F), where Q, X, qo € Q, F are as in a finite automaton, I' is a finite
pushdown alphabet, § is a finite set of rules of the form Zqw — ~p, ¢,p € Q,
ZeTl, weX* veI* and Zj is an initial pushdown symbol. Again, let 1) denote
the bijection from § to ¥, and write r.Zqw — p instead of Y(Zqw — vp) = r.
A configuration of M is any word from I'*QX*. For any configuration xAqwy,
where z € T, y € ¥* ¢ € @, and any r.Aqw — yp € §, M makes a move from
xAquy to xypy according to r, written as zAquwy = xypy [r]. As usual, we define
closure =*. If w € ¥* and Zpqow =* f[u], f € F, then w is accepted by M
and Zogow =* f [u] is an acceptance of w in M. The language of M is defined as
L(M) ={we X" : Zogow =" f[p] is an acceptance of w}.

Definition 23. A self-regulating pushdown automaton, SPDA, M, is a nonuple
M = (Qu Ea Pu 67 qo, qt, Z07 F7 R)u
where

1. (Q,%,T,6, qo, Zo, F) is a pushdown automaton,
2. q: € Q is a turn state, and
8. RC WU x U is a finite relation, where ¥ is an alphabet of rule labels.
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Definition 24. Let n > 0 and M = (Q,%,T, 4, g0, qt, Zo, F, R) be a self-requlating
pushdown automaton. M is said to be an n-turn first-move self-regulating push-
down automaton, n-first-SPDA, if M accepts w in the following way. There is an
acceptance Zoqow =* f [u] such that

p=ro Vel
where k € N, rQ is the first rule of the form Zqx — ~vqt, for some Z €T, q € Q,
reX*, yeTl™*, and
(r,r{") eR

forall0 < j <n.
The family of languages accepted by n-first-SPDAs is denoted by L(n-first-
SPDA).

Definition 25. Let n > 0 and M = (Q,%,T, 4, g0, qt, Zo, F, R) be a self-requlating
pushdown automaton. M is said to be an n-turn all-move self-regulating push-
down automaton, n-all-SPDA, if M accepts w in the following way. There is an
acceptance Zoqow ="* f [u] such that

0 0.1 1 n n
H=Ty. .. ..T"y T Ty o Ty,

where k € N, rQ is the first rule of the form Zqx — ~vqt, for some Z €T, q € Q,
reX*, yeTl™*, and o
(rl,rl™) eR
forall1<i<Ek, 0<j<n.
The family of languages accepted by n-all-SPDAs is denoted by L(n-all-SPDA).

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 with-
out any turn state is exactly a common pushdown automaton. Therefore, £(0-all-
SPDA) = CF. Moreover, if we consider 1-turn all-move self-regulating pushdown
automata, their power is that of the Turing machines.

Theorem 26. 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 h : ¥* — A* such that L = h(L(G) N L(H)) (see Theorem
1.12 in [14]). Suppose that G = (Ng, X, Pg, S¢), H = (Ng, X, Py, Sy) are in the
Greibach normal form, i.e. all rules are of the form A — a«, where A is a nonter-
minal, @ is a terminal, and « is a (possibly empty) string of nonterminals. Let us
construct 1-all-SPDA M = ({qo,4, ¢, 0, [}, A, XUNgUNy U{Z},6,q0, Z,{f}, R),
Z ¢ ¥ U Ng U Ng, with R made as follows:

1. add (Zqo — ZScq, Zqs — ZSup) to R
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2. add (Aq — B,,...B1aq,Cp — D, ... D1ap) to R if
A —aBy...B, € Pg and
C—aDy...D,, € Py

3. add (agh(a) — q,ap — p) to R
4. add (Zq — Zqi, 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 aj,az,...,a, € X such that
a1as...a, € L(G)N L(H) and w = h(arasz...ay), for some n > 0. There are
leftmost derivations Sg =" ajas...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(ay)...h(a,) as

Zgoh(a1) ... h(an) = ZSgqh(a1) ... h(an), ..., Zangh(an) = Zq, Zq = Zq,

Zqr = ZSup, ..., Zapnp = Zp, Zp = f.

In state g, by using its pushdown, M simulates G’s derivation of a; ... a,, but reads
h(a1)... h(a,) as the input. In p, M simulates H’s derivation of ajas...a, but
reads no input. As aias...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 € 3.
Let w € L(M), then w = h(ay)...h(a,), for some ay,...,a, € . Consider M’s
acceptance of w

Zqoh(a1) ... h(an) = ZSaqh(a1) ... h(an), ..., Zangh(ay) = Zq, Zq = Zq,

Zqr = ZSgp, ..., Zapp = Zp, Zp = f.

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

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. What is the language family accepted by n-turn first-move self-regulating
pushdown automata, when n > 1 (see Definition 24)?

2. 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?
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3. Discuss the closure properties of other language operations, such as the re-

versal.
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