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Abstract. This paper discusses some simple and natural restrictions of regulated pushdown au-
tomata. Most importantly, it studies one-turn regulated pushdown automata and proves that they
characterize the family of recursively enumerable languages. In fact, this characterization holds
even for atomic one-turn regulated pushdown automata of a reduced size. This result is established
in terms of acceptance by final state and empty pushdown, acceptance by final state, and acceptance
by empty pushdown.
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1. Introduction

Regulated grammars play an important role in the language theory. Recently, this theory has introduced
their machine-based counterpart—pushdown automata regulated by linear languages or, more simply,
regulated pushdown automata, which characterize the family of recursively enumerable languages (see
[5]). The present paper continues with the discussion of these automata. More specifically, it studies
one-turn regulated pushdown automata.

To recall the concept of one-turn pushdown automata (see [2]), consider two consecutive moves made
by a pushdown automaton, M. If during the first move M does not shorten its pushdown and during the
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second move it does, then M makes a turn during the second move. A pushdown automaton is one-turn
if it makes no more than one turn with either of its pushdowns during any computation starting from
an initial configuration. Recall that the one-turn pushdown automata characterize the family of linear
languages (see [2]) while their unrestricted versions characterize the family of context-free languages.
As a result, the one-turn pushdown automata are less powerfull than the pushdown automata.

The present paper demonstrates that one-turn regulated pushdown automata characterize the family
of recursively enumerable languages. Thus, as opposed to the ordinary one-turn pushdown automata,
the one-turn regulated pushdown automata are as powerfull as the regulated pushdown automata that can
make any number of turns. In fact, this equivalence holds even for some restricted versions of one-turn
regulated pushdown automata, including their atomic and reduced versions, which are sketched next.

I. During a move, an atomic one-turn regulated pushdown automaton changes a state and, in addition,
performs exactly one of the following actions:

1. it pushes a symbol onto the pushdown
2. it pops a symbol from the pushdown

3. itreads an input symbol

1. A reduced one-turn regulated pushdown automaton has a limited number of some components,
such as the number of states, pushdown symbols or transition rules.

The present paper proves that every recursively enumerable language is accepted by an atomic re-
duced one-turn regulated pushdown automaton in terms of (A) acceptance by final state and empty push-
down, (B) acceptance by final state, and (C) acceptance by empty pushdown.

2. Preliminaries

We assume that the reader is familiar with the language theory (see [4]).

For a set, X, card(X) denotes its cardinality.

Let V be an alphabet. V* represents the free monoid generated by V' under the operation of concate-
nation. The unit of V* is denoted by €. Set V+ = V* — {e}; algebraically, VT is thus the free semigroup
generated by V' under the operation of concatenation.

For w € V*, |w| and rev(w) denote the length of w and the reversal of w, respectively. Set
prefiz(w) = {z | z is a prefiz of w}, suffizx(w) = {z | z isa suf fiz of w}, and alph(w) =
{a | a € V,and a appears in w}.

Forw e V*tandi € {1,...,|w|}, sym(w,4) denotes the sth symbol of w; for instance, sym(abcd, 3)
=C.

A linear grammar is a quadruple, G = (N, T, P, S), where N and T are alphabets such that NNT =
0, S € N,and P is afinite set of productions of the form A — z, where A € N and z € T*(NU{e})T*.
IfA — z € Pand u,v € T*, then uAv = uzv [A — z] or, simply, uAv = wuzv. In the standard
manner, extend = to =", where n > 0; then, based on =", define = and =*. The language of G,
L(G), is defined as L(G) = {w € T* | S =* w}. A language, L, is linear if and only if L = L(G),
where G is a linear grammar.
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A queue grammar (see [3]) is a sixtuple, @ = (V,T,W, F, S, P), where V and W are alphabets
satisfying VW =0, TCV,FCW,Se(V-T) (W —F),and PC (V x (W —F)) x (V*x W)
is a finite relation such that for every a € V, there exists an element (a,b, z,c) € P. Ifu,v € VW
such that u = arb,v =rzc,a € V,r,z € V*, b,c € W and (a,b, z,¢) € P, thenu = v [(a,b, z,c)] In
G or, simply, u = v. In the standard manner, extend = to =", where n > 0. Based on =", define =+
and =*. The language of Q, L(Q), is defined as L(Q) = {w € T* | S =* wf where f € F}.

A left-extended queue grammar (see [5]) is a sixtuple, @ = (V, T, W, F, S, P), where V. T, W, F, S,
and P have the same meaning as in a queue grammar; in addition, assume that # ¢ VU W. If u,v €
V{#}V*W so u = wH#arb, v = waftrzc,a € V,r,z,w € V* b,c € W, and (a,b, z,c) € P, then
u = v [(a,b,z,c)] in G or, simply, w = v. In the standard manner, extend = to =", where n > 0.
Based on =", define =* and =* as usual. The language of @, L(Q), is defined as L(Q) = {v €
T* | #S =* w#vf for somew € V* and f € F}.

3. Definitions

This section defines the notion of a one-turn atomic pushdown automaton regulated by a linear language.
Informally, an atomic pushdown automaton changes a state and, in addition, makes only one of these
three actions:

(a) pushing a symbol onto the pushdown;
(b) popping a symbol from the pushdown;
(c) reading a symbol on the input tape.

Formally, an atomic pushdown automaton is a 7-tuple, M = (Q, X, Q, R, s, $, F'), where Q is a
finite set of states, X is an input alphabet, € is a pushdown alphabet (Q, 3, and 2 are pairwise disjoint),
s € @ is the start state, $ is the pushdown-bottom marker, $ € QU X U Q, F C Q is a set of final states,
R is a finite set of rules of the form Apa — wq, where p,q € Q, A,w € QU {e}, a € ¥ U {e}, such
that |Aaw| = 1. That is, R is a finite set of rules such that each of them has one of these forms

(1) Ap — q (popping rule)
(2) p — wq (pushing rule)
(3) pa — ¢ (reading rule)

Let ¥ be an alphabet of rule labels such that card(¥) = card(R), and 1 be a bijection from R to
U. For simplicity, to express that 1) maps a rule, Apa — wq € R, to p, where p € U, this paper writes
p.Apa — wq € R; in other words, p.Apa — wq means ¥(Apa — wq) = p. A configuration of M,
X, is any word from {$}Q*QX*; x is an initial configuration if x = $sw, where w € X*. For every
z € QF y € ¥* and p.Apa — wq € R, M makes a move from configuration $x Apay to configuration
$zwqy according to p, written as $zApay = Szwqy [p] or, more simply, $zApay = $rwqy. Let
x be any configuration of M. M makes zero moves from  to x according to e, symbolically written
as x =9 x [e]. Let there exist a sequence of configurations xp, x1,- - - , X» for some n > 1 such that
Xi—1 = Xi [pi], where p; € ¥, fori = 1,...,n, then M makes n moves from x, to x, according to
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p1 - - - pn, Symbolically written as xo =" xn [p1--- pn] OF, more simply, xo =" xn. Define =* and
=T in the standard manner.

Letz,z', 2" € Q% y, 9/, y" € %, q,4¢,¢" € Q, and $zqy = $2'¢'y’ = $2"¢"y". If |z| < |z'| and
|z'| > ||, then $z'q'y' = $z"¢"y" is a turn. If M makes no more than one turn during any sequence
of moves starting from an initial configuration, then M is said to be one-turn.

Let = be a control language over ¥; that is, = C ¥*, With £, M defines the following three types of
accepted languages:

L(M, E,1)—the language accepted by final state
L(M, E,2)—the language accepted by empty pushdown
L(M, =, 3)—the language accepted by final state and empty pushdown

defined as follows. Let x € {$}XQ¥*. If x € {$}Q*F, x € {$}Q, x € {$}F, then x is a 1-final
configuration, 2-final configuration, 3-final configuration, respectively. Fori = 1,2, 3, define L(M, =, 1)
as L(M,=,i) = {w|w € &*, and $sw =" x [o] in M for an i—final configuration, x, and o € E}.

For any family of languages, X, and ¢ € {1, 2,3}, set £(X,4) = {L | L = L(M, E, i), where M is
a pushdown automaton and Z € X'}. RE and LIN denote the families of recursively enumerable and
linear languages, respectively.

4. Results

This section proves that the one-turn atomic pushdown automata regulated by linear languages charac-
terize RE. In fact, these automata need no more than one state and two pushdown symbols to achieve
this characterization.

Theorem 4.1. For every left-extended queue grammar, K, there exists a left-extended queue grammar
Q= (V,7,W, F, s, P) satisfying L(K) = L(Q), ! isadistinguished member of (W —F),V = UUZUT
such that U, Z, T are pairwise disjoint, and @ derives every z € L(Q) in this way

#S =+ .’I,'#blbz...bn!
= zb1#bs . .. byy1p2
= xb1ba#bs . .. bpy1y2ps

= zb1bo ... by 1#bY1Y2 - - Yn—1Pn
= xb1by ... by 1bpFHY1Y2 - . . YnPrt1

wheren € N,z €e U*, b, € Zfori=1,...,n,y; €t fori=1,...,n,z=y1y2...Yn, pi € W —{1}
fori=1,...,n—1, p, € F,and in this derivation x#b1bs ... b,! is the only word containing !.

Proof:
see [5]. O
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Theorem 4.2. Let (Q be a left-extended queue grammar satisfying the properties of Theorem 4.1. Then,
there is a linear grammar, G, and a one-turn atomic pushdown automaton M = ({|},7,{0,1}, H, [, $,{[})
such that card(H) = card(r) + 4 and L(Q) = L(M, L(G), 3).

Proof:
Let @ = (V,7,W, F,s,R) be a queue grammar satisfying the properties of Theorem 4.1. For some
n > 1, introduce a homomorphism f from R to X, where X = ({1}*{0}{1}*{1}" n {0,1}?"). Extend
f so it is defined from R to X*. Define the substitution » from V* to X* as h(a) = {f(r) : r =
(a,p,z,q) € R forsome p,q € W, z € V*}. Define the coding d from {0, 1} to {2,3}* as d(0) = 2,
d(1) = 3. Construct the linear grammar G = (N, T, P, S) as follows. Set
T =1{0,1,2,3} Ur
N={Stu{g:qe W}u{g:qe W}
P={S—f:feFju{l=1}
Extend P by performing 1 through 3 given next.
1. forevery r = (a,p,z,q) € R,p,q € w,z € T*: P =P U{§ — pd(f(r))z}
2. forevery (a,p,z,q) € R: P=PU{§— ypb:y € rev(h(x)),b € h(a)}

3. forevery (a,p,z,q) € Ryap=S,p,qe W,z € V*: P=PU{§ > y:y € rev(h(z))}

Define the pushdown automaton M = ({|},7,{0,1}, H, |, $,{|}), where H contains the next transition
rules:

0. |- 0|
1 [—>1]
2. 0[— |
3. 1|— |
a. |a— |foreveryacr

We next demonstrate that L(M, L(G, 3),3) = L(Q).
To demonstrate L(M, L(G, 3),3) = L(Q), observe that M accepts every word w as
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. W1 Wy, $b ... b1l ... 81 | W1 - - W1 W
= $bm - 018, - .- 81 W1 -+ - W 1wy
=" $bm ... by|wy ... Wy 1w
= $bm ... by|wy ... Wy 1w
= lwi] $bm ... b1 wa ... Wy 1wy,
= $by ... by |wy ... W1 Wy
— w2 $bm ... bo|ws ... Wy 1w,
= $bm ... b3|ws ... w1 W,
= $bm | Wi
=lwml $b, |
= 8|

according to a word of the form Sac’(’ € L(G) where

QL

!

,BI

= rev(f(rm))rev(f(rm-1))--.rev(f(r1)),
= rev(f(tn))rev(f(tn-1)) - .. rev(f(t1)),
= flto)f(t1) ... f(tn),

= d(f(r ))’wld( (ro))wz . .. d(f (rm))wm,

for some m,n > 1 so that

fori=1,...,m,
t; =
forj=1,...,n+1,
’I‘j =
aj = f(rj), gm+1 € F, Gopo = s
Thus, in Q,

#aopo = aoFHYoT1p1

= 001 F#Y1T2P2
= a0a1a2F#Y223P3

= 000102 - .. Gy 1 Yn—1TnPn
e A FHYnTni1q1
capbi#by . bpwigo

anb1b2#bs b wiwags

= apa1a9 .
= ay .
= ag .

(@j—1,pj-1,%,P5), aj—1 € V\ 7, pj—1,p; € Q\ F, z;

(biy Giswi, giv1) € R, b € V\ T, i, qi+1 € Q, bi = f(t;)

e (V\n),

[(@0,P0, T1,p1)]
[(a1,p1, 2, p2)]
[(a2,p2, 3, p3)]

Gn1,Pn1,%n,Pn)]
Qny Pny Tnt1,q1)]
bi,q1,w1,q2)]

b2, g2, w2, q3)]
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= ag---apby ... by 1 #bpwiIwe .. W 1Gm [(bmfla dm—1,Wm—1, Qm)]
= ag...apby ... bypHFwiws .. Wngmi1 [(bms Gms Wiy Gm+1)]
Therefore, wyws . .. wy,, € L(Q). Consequently, L(M, L(G),3) C L(Q).
A proof that L(Q) C L(M, L(G), 3) is left to the reader.
As L(Q) C L(M, L(G),3) and L(M, L(G),3) C L(Q), L(Q) = L(M, L(G), 3). Observe that M
is atomic and one-turn. Furthermore, card(H) = card(t) + 4. Thus, Theorem 4.2 holds. O

Theorem 4.3. For every L € RE, there is a linear language =, and a one-turn atomic pushdown au-
tomaton, M = (Q, %, 8, R, s, $, F') such that card(Q) < 1, card(2) < 2, card(R) < card(X) + 4,
and L(M,E,3) = L.

Proof:

By Theorem 2.1 in [3], for every L € RE, there is a queue grammar @ such that L = L(Q). Clearly,
there is a left-extended queue grammar, @', such that L(Q) = L(Q'). Thus, this theorem follows from
Theorems 4.1 and 4.2. O

Theorem 4.4. For every L € RE, there is a linear language =, and a one-turn atomic pushdown au-
tomaton, M = (Q,%,Q, R, s,$, F') such that card(Q) < 1, card(Q2) < 2, card(R) < card(X) + 4,
and L(M,E,1) = L.

Proof:
Prove this theorem by analogy with the demonstration of Theorem 4.3. O

Theorem 4.5. For every L € RE, there is a linear language =, and a one-turn atomic pushdown au-
tomaton, M = (Q,%,Q, R, s, $, F') such that card(Q) < 1, card(Q2) < 2, card(R) < card(X) + 4,
and L(M,E,2) = L.

Proof:
Prove this theorem by analogy with the demonstration of Theorem 4.3. O

Theorem 4.6. Fori € {1,2,3}, RE = L(LIN,31).

Proof:
This theorem follows from the previous three theorems. O

References

[1] Dassow, J. and Paun, G.: Regulated Rewriting in Formal Language Theory. Springer, New York, 1989.
[2] Harrison, M.: Introduction to Formal Language Theory. Addison Wesley, Reading, 1978

[3] Kleijn, H. C. M. and Rozenberg, G.: On the Generative Power of Regular Pattern Grammars, Acta Informatica,
\ol. 20, pp. 391-411, 1983.

[4] Meduna, A.: Automata and Languages: Theory and Applications. Springer, London, 2000.
[5] Meduna, A. and KolaF, D.: Regulated Pushdown Automata, Acta Cybernetica, Vol. 14, pp. 653-664, 2000.



