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ABSTRACT

This paper looks into on the results of Cermak on the Mul-
tiaccepting Automata Systems[1, 2]. This automata system
was inspired and is an automata counterpart of the Multi-
generative Grammar Systems introduced by Meduna and Lukas
[6]. The results show that the Multiaccepting Automata Sys-
tem and Multigenerative Grammar System is equivalent. In
this paper, we show an alternate proof for showing equiva-
lence between the two formal systems from the one given in

1].
1. INTRODUCTION

Grammar systems are a collection of formal grammars that
generate a language in a distributed manner, and may even
work in parallel. The individual grammar components are
often context-free, but by adding some form of communicat-
ing mechanism, the grammar system is able to generate non-
context-free languages. These grammar components can work
on a shared string, in which case the string is rewritten by one
grammar component and then passed on to another gram-
mar component described by some protocol, as in the case
of Cooperating Distributed Grammar Systems (CDGS) [5].
Grammar components can also work individually on their
own strings, but these individual strings can also be passed
on to other components for further processing, as in the case
of Parallel Communicating Grammar Systems (PCGS) [9].

The concept of Multigenerative Grammar Systems (MGS) was
introduced by Alexander Meduna and Roman Lukas [6]. For
a given integer n, an n-generative grammar uses n context-
free grammars of leftmost derivation. These n leftmost deriva-
tion are controlled by n-tuples of non-terminal symbols or
rules. These generates n strings on which set or string oper-
ations can be performed. The first operation considers only
the generated string of the grammar component indicated
as the first component, that is, all other components are just
accessories that aid in the restriction of the derivations. The
concatenation operation concatenates all the output string into
a single string, the order is determined by the index of the

grammar components. And finally, the union operation which
forms a set that includes the generated strings of all grammar
components.

An automata system, similar to grammar systems, is a col-
lection of automata components that accepts languages. Au-
tomata systems borrow computation and communication strate-
gies from grammar systems to be able to accept languages
that are difficult to be recognized by the individual automata
components. Some studies on automata system include Mul-
tilanguage and Multiaccepting Automata System and its equiv-
alence to Multigenerative Grammar System [1], Parallel Fi-
nite Automata System Communicating by Transitions [8], and
Parallel Communicating Pushdown Automata Systems [4].

In this paper, we look into the hierarchy of n-languages shown
in [2]. Specifically we look into the equivalence of the n-
accepting move-restricted pushdown automata system and
the n-generating rule-synchronized context-free grammar sys-
tem. We present a construction of an equivalent pushdown
automata system given the context-free grammar system.

The rest of the paper is organized as follows: Section 2 dis-
cusses the basic notations and defintions used in the paper,
Section 3 discusses the Multigenerative Grammar System and
the Multiaccepting Automata System, Section 4 gives a proof
on the equivalence of the two formal systems, and finally
Section 5 gives some final remarks about research on formal
systems.

2. PRELIMINARIES

The reader is assumed to have background knowledge on
formal languages and automata[11][10].

Let 3 be a finite set of symbols called an alphabet. We denote
the Kleene closure of ¥, X%, as the set of all finite words over
the alphabet ¥ including the empty string, . || denotes the
cardinality of the set ¥. Let w be a finite word. Then |w|
is the length of w. The empty string, ¢, has length 0. If ¥
is an alphabet and a € ¥, and w € ¥*, then we denote the
number of occurrences of a in w as |w|q. If z, y are words and
if w = xy, then w is the concatenation of x and y.

A context-free grammar, CFG G, is a four-tuple (N, T, P, S).
N is the set of non-terminal symbols. T is the set of terminal
symbols and is disjoint with N. S is the start non-terminal
symbol and is an element of N. P is a finite set of production
rules of the form A — x, where A € N,and z € (NUT)*. To



label a production rule with a label r, we write a production
ruleasr : A — z. Letu,v € (N UT)". For every rule
A — x € P, we write uAv = uxv. We denote the transitive-
reflexive closure of = as =*. The language of G, L(G), is
definedas {fw € T" : S =" w € L(G)}.

A pushdown automaton, PDA M, is a seven-tuple (Q, X, A,
d, qo, Zo, F) where Q is a finite set of states, 3 is the input
alphabet, A is the stack alphabet, ¢ is the transition function
that maps @ x (XU {e}) x A into finite subsets of Q x A*, qo
is the initial state, Zo is the initial stack symbol, and F' C Q
is the set of final states. The transition function 4, given the
current state, reads the input string and the symbol at the
top of the stack. It then moves to the next state and writes
the symbols into the top of the stack. We usually use the
‘$’ symbol as the initial stack symbol. Since there are only
a finite number of input to the transition function, we use
a label r for each input to output mapping of the transition
function 6. We can write it as r : (¢q1,a,b) — (g2, c), where
q1,q2 € Q,a € £,b,c € A. The PDA would accept the input
string only if it reaches the final state with no symbol in the
stack other than ‘$’. The language recognized by a PDA M is
denoted by L(M).

The procedure for constructing a pushdown automaton from
a given context-free grammar, or constructing a grammar
from a given pushdown automaton can be found at [11], [10]
and [?]. We give the following theorems to show the equiva-
lence of PDA and CFG.

THEOREM 1. [10][11] A language L is in the set of Context-
Free Languages (CFL) if and only if there exists a CFG G such that
L(G) = L.

THEOREM 2. [10][11] A language L is in CFL if and only if
there exists a PDA M such that L(M) = L.

We say that a recognizer (i.e automata) and a generator (i.e.
grammars) are equivalent if and only if they accept the same
language.

3. GRAMMAR AND AUTOMATA SYSTEMS

3.1 Multigenerative Grammar System
Multigenerative grammars are classified into two but equiv-
alent grammar systems. They differ upon the production
rule control tuple. The two controls are either non-terminal,
which synchronizes all derivations of the grammars through
their leftmost non-terminal, or by rule, which synchronizes
all derivations of the grammars through the labeled produc-
tion rules.

DEFINITION 1. [6] An n-generative non-terminal-synchronized
grammar system (n — MGN) is an n + 1 tuple,

I' = (Gy,...,Gn,Q),

where Gy = (Ni, Ty, Py, S;) is a context-free grammar for each i =
1,...,nand Q is a finite set of n-tuples of the form (A1, ..., An), A; €
Ni,i = 1, ey M

LetI" = (G, ...,Gn, @) be an n-MGN. Then, a sentential n-
form of n-MGN is an n-tuple of the form x = (z1,...,zn)
where z; € (NUT)" foralli = 1,...,n. Let x = (u1Aiv1,
vy UnAnvrn ) and X = (u12101, ..., UnZnvy) be two sentential
n-form, where A; € Ni,u; € T;, and vi,z; € (N UT)" for
alli = 1,...,n. Let A; - z; € P, foralli = 1,...,n and
(A1, ..., An) € Q. Then x = x. =" represents the reflexive-
transitive closure of =-.

Let w = (w1, ..., wn) be an n-tuple, and each w;, i = 1,...,n
is a terminal string. We say that I generates w if and only if
w is reachable from the initial sentential n-form of I" through

*

=%
The n-Language of I, n-L(I"), is defined as

n-L(T) = {(w1,...,wn) : (S1,...
Ti*,i = 1,...7n}

,Sn) =7 (Wi, .y wn), w; €

The language generated by I" in the union mode, Lunion (I),
is defined as

Lunion(T) = {w : (w1, ..., wn) € n-L(T),
we{w; :i=1,...,n}}

The language generated by I' in the concatenation mode,
Leonc(T), is defined as

Leone(T) = {wiwa..wn : (w1, ...,ws) € n-L(T")}

The language generated by I' in the first mode, L firs: ("), is
defined as

Lyirst(T) = {w1 : (wr,...,wn) € n-L(T") }

DEFINITION 2. [6] An n-generative rule-synchronized gram-
mar system (n — MGR) is an n + 1 tuple,

I'=(Gy,...,Gn,Q),

where G; = (N;, T, Py, S;) is a context-free grammar for each i =
1,...,nand Q is a finite set of n-tuples of the form (p1, ..., pn), Di €
P Yi=1,..,n.

A sentential n-form for n-MGR is defined similarly as the
sentential n-form in n-MGN. Let I = (G4, ..., G», Q) be a n-
MGR. Let x = (u1 4101, ..., unAnvn), X = (U1Z1V1, ..., UnTnVn)
be two sentential n-forms, where A; € N;,u; € T; ,vi,x; €
(NUT)*,Vi=1,...,n.Letp; : A; — z; € Piand (p1,...,pn) €
Q. Then x = X denotes the transition from configuration x
to x. =" represents the reflexive-transitive closure of =-.

Let w = (w1, ..., wn) be an n-tuple, and each w;, i = 1,...,n
is a terminal string. We say that I" generates w if and only if
w is reachable from the initial sentential n-form of I" through

*

=*,
The n-Language of I', n-L(T"), is defined as

n-L(T) = {(w1,...,wn) : (S1,...
T:,i = 1,...777,}

,Sn) =% (wl,...,wn),wi S



The language generated by I in the union mode, Lunion(T),
is defined as

Lunion (') = {w : (w1, ...,wn) € n-L(T),
we{w;:i=1,...,n}}

The language generated by I'" in the concatenation mode,
Lconc(r), is defined as

Leone(I') = {wrwa..wn : (w1, ...,wn) € n-L(T)}

The language generated by I' in the first mode, Lyirs:(T), is
defined as

Lfirst(r) = {w1 : (w17 ...,wn) c n—L(F)}

The following is an example of a 2 component Multigener-
ative Grammar System that uses rule synchronization, a 2-
MGR.

EXAMPLE 1. We construct a 2-MGR, T = (G1, G2, Q).
G1 = ({51}, {a, b}, {r11 : S1 = aSib, r12 : S1 = ¢}, S1)
Ga = ({52}, {c,d}, {ra1 : S = cSad, 122 : S2 = ¢}, S2)

Q ={(r11, r21), (112, T22)}

The initial sentential n-form for I" is (S1, S2) as G starts its
computation with S; and G+ starts its computation with Ss.

The rule-synchronization control tuple @ has two elements in
it: (r11,7r21) and (r12, r22). This means that when I performs
a derivation, then G1 and G has to perform the production
rules r11 and ra21, respectively, at the same time or ri2 and
ra2 at the same time. It cannot be so that G1 uses r11 but
G2 uses ra2 since it was not defined in Q. For instance, T’
uses (r11,721) twice, then the resulting sentential n-form is
(Sl, 52) = (aSlb, CSQd) = (a2Sle, C2S2d2).

To say the I' generates an n-tuple, it is required that the each
element of the n-tuple is only composed of terminal strings
and is reachable from the initial sentential n-form. For in-
stance, I finally applies the control (r12, 722) to have (S1, S2)
=" (a?b?, 2d?).

2-L(T) = {(a™b", c™d"™): n > 0},
Lyirst(T) ={a"b": n >0},
Lunion(r) = {anan n Z 0} U {Cndn; n Z 0}’

Lconc(r) = {anbncndn: n > 0}

3.2 Multiaccepting Automata System

We know from classic literature that a context-free grammar,
G, has an equivalent pushdown automaton, M. We say that
they are equivalent because they have the same expressive
power and both can recognize the set of Context-free lan-
guages.

Multiaccepting Automata System using PDA
DEFINITION 3. [1, 2] A n-accepting move-restricted automata
system (n-MAS) is an n + 1 tuple:

A= (M, ... My, P)

where each M; = (Qi, X4, Ai, 03, qo;, Zos, Fi) is a pushdown au-
tomaton and P is a finite set of n-tuples of the form (ri,...,rn),
each r; defined by 6;, Vi =1, ...,n.

The input to A is a n-tuple of the form (x1, ..., zy),z; € ;. The
input to PDA M; in A is x;.

Each PDA M; can be defined by its current state, g;, the re-
maining unread string, a; € 37, and the stack content, b; €
A7, where the first symbol of b; is the top of the stack. We
define the n-configuration of n-MAS as a n-tuple of the form
x = ((g1,a1,b1), ..., (Gn, an,bn)), where, fori = 1,....,n, ¢; €
Qi, a; € X7, and b; € A}. We refer to each (gi,as,b;) as a
configuration of M;. If M; has no more symbol to read, then
a; = €.

Given an input tuple w = (wz,...,wn), for ¢ = 1,...,n, the
initial configuration of M; would be (qo,, w;, €), where qo, is
the start state, and w; € 7. Then the initial n-configuration
Of A iS ((qoh w17 6)3 L] (qona w’ﬂv E))

The accepting configuration of M; would be (gy,, €, €), where
qr; € Fi. An accepting n-configuration of A is ((gs,,¢,¢€), ...,
(qfn7 g, 5))

Let x = ((z1,a1,b1), -, (T, an,bpn)) and ¥ = ((y1,c1,d1), ...,
(Yn, cn,dn)) be two n-configuration of A, where x;,y; € Q,
ai,c; € X7, and b;,d; € Aj. a; = ac;, where a € (2; U {e}).
bi = efand d; = f3, wheree, f € (A; U{e}), B € Aj. Let
si ¢ (zi,a,e) F (yi, f) be a transition in §; and (s1, ..., sn) €
P. Then yx directly transits to X, denoted as x - x. We de-
note the reflexive-transitive closure of - as F*. We call the
sequence of n-configuration of A obtained through the se-
quence of transitions as the computation of A.

Given an n-MAS A, and input n-tuple w = (w1, ..., wn), we
say that w is accepted by A if from the initial n-configuration
of A, A reaches an accepting n-configuration of A. This would
imply that each PDA component M; of A reaches an accept-
ing state and each PDA component has read all symbols of
their respective input string from the input n-tuple.

There are two conditions for A to reject w. The first is, if after
a halting computation of A, A does not reach an accepting
n-configuration, then A rejects w. The second condition is, if
at some point during the computation, no transition defined
by the transition control P can be applied to obtain the next
n-configuration of A and if the current n-configuration is not
an accepting n-configuration of A, then A rejects w.

The n-language of A, n-L(A), is defined as:

n-L(A) = {(w1, ..., wn) : ((qo1,w1,€), o) (q0y> Wny€)) F*
((qugv 5)/ s (qfn,s,s))}



The language recognized by A in the union mode, Lunion (A)
is defined as

Lunion(A) = {w : (w1, ...,wy,) € n-L(A),
we{wi:i=1,....,n}}

The language recognized by A in the concatenation mode,
Leonc(A) is defined as

Leone(A) = {wiwz...wn : (w1, ...,wn) € n-L(A)}

The language recognized by A in the first mode, L;rs:(A) is
defined as

Lfi'rst(A) = {w1 : (w1, ...,wn) S I’I-L(A)}
The following is an example of MAS.

EXAMPLE 2. We construct a 2-MAS, A = (M., Mz, P) as
follows:

My = ({zo, 21,22}, {a, b}, {S1,a,b,8},61, 20,8, {22}), 61 is
defined as follows:

01 :10: (xo,&,&) F (w1,51$), 11: (xl,s,Sl) F (:El,aslb), 12
(z1,8,51) F (z1,€),13 : (z1,a,a) b (z1,€),14 : (z1,b,b) -
(.’E1,€), 15: (I17€7$) F (l‘Q,f)

My = ({y07 Y1, y2}7 {Cv d7 }7 {S27 C, d7 $}7 527 Yo, $7 {yQ})/ 0o s
defined as follows:

52 : 20 . (yo,E,E) '— (y1732$),21 . (yl,E,Sz) }— (yl,CSQd),22 :
(y1,€,82) F (y1,€),23 : (y1,¢,¢) F (y1,€),24 : (y1,d,d) F
(y155)325 : (y1757$) = (y276)

P = {(10,20), (11, 21), (12,22), (13, 23), (14, 24), (15,25) }

Let w = (a"b", c*d") be an input 2-tuple for A, for k a non-
negative integer. M1 would have input string a®b* and M,
would have c*d*

The initial 2-configuration of A is ((xo, akv®, e), (yo, crdF, £)).
From this configuration, M; and M5 can only use transitions
10 and 20. The next 2-configuration of A is ((x1, a*b*, $1$),
(yl, dek, S2$))

For the next 2k computation steps, A will alternate between
using (11,21) and (13,23). Every time M; uses transition
11, the symbols aS1b appears at the top of the stack, with a
being the topmost symbol. There would always be only one
instance of S within the stack while b accumulates below Sj.
The same goes for M.

After 2k steps, A can use (12,22) to remove S; and Sz from
the top of the stack of M; and M5 respectively. The 2-configu-
ration now is ((z1,b%,b*$), (y1,d*, d*$). A can then use (14,
24) to remove all terminal symbols from the stack and read
all symbols of the input string.

Finally, A can use (15,25) to make M; and M> empty their
stacks and go to their accepting states.

n-L(A) = {(a"b",c"d") : n > 0}
Lunion(A) = {a™" : n > 0} U {c"d"™ : n > 0},
Leone(A) = {a™b"c"d" : n > 0}, and
Lyirst(A) = {a™b" : n > 0}.

Observe that A has the is able to accept non-context free lan-
guages.

4. EQUIVALENCE OF MGS AND MAS

We argue that since a Multigenerative Grammar System (MGS)
is composed of context-free grammar components. Then we
could construct a Multiaccepting Automata System (MAS)
composed of pushdown automata components. Since MGS
has a language generated depending on mode X € {union,
cong, first}, we would also find an equivalent language for
MAS given the mode X.

An n-generative grammar is divided into two types, non-
terminal synchronized and rule synchronized. But since a
pushdown automata does not have any differentiation of a
non-terminal or terminal symbol, the control would synchro-
nize the transition function of each PDA in the n-accepting
automata system.

THEOREM 3. Let L C X*. Then for every I, an n-MGR, there
exists a A, an n-MAS, such that L(I") = L(A).

Proof:
We construct an n-MAS, A, from a given n-MGR, T" as fol-
lows:

1.) For each grammar component G; = (N;, T3, S5, P;) of
I, for i = 1,...,n, construct its equivalent PDA and label it
Mi = (Qz, Ei, Ai, (Si, Qio, Zi, Fz) The set Of states Of Mi, Qi,
would consist of the initial state gi,, the loop state gi;,,,,, the
accept states F; = {¢;;}, and additional states to simulate
each production rule in G;. The input alphabet ¥; = T;, and
the stack alphabet, A; = (N; UT; U {$}).

Since I" uses leftmost derivation context-free grammar com-
ponents, for a productionruler : A — x, x = z172...2%, for
a positive integer k, the first symbol to be placed in the stack
is . Then followed by z4_1 and so on, so that x; is now at
the top of the stack.

Foreachruler: A — x € P;, for x = z1x>...7, there would
be k transitions associated with . We label them as follows:
81 ¢ (qiloo;ﬂ g, A) - (q$17xk)/ 82 ¢ (q317575) F (QSQ,Ik—l)/ Y
Sk—1: (Qsy,_2+€:€) F (@sy_15%2), 8k (@sy,_1:€:€) F (Qoops T1)-
These k transitions are added to ¢;. We add the following
states to Qi: {qsy sy Gsp_y }-

The k transitions are denoted by s : (Gi;o0p: &, A) F (@i100p: )
for brevity and s is referred to as a transition sequence. We
say that rule r is equivalent to transistion sequence s. s € J;
if S81,...,8k € 05.

The transition t : (Gijp0p, @, @) F (Qijoep €) is also added to
0; for all a € T;. In addition, a special rule is added, an e-



transtion, €; : (ijoop: €, €) F (Gito0p, €)- Finally, let the initial
stack Z; be empty.

2.) For each tuple in the production rule control, Q of T, of the
form (r1, ..., ), eachr; € P;,add (s1, ..., sn) to the transition
control of A, P, for each s; € J;, and s; is the equivalent
transition sequence of the production rule r;.

For a given transition control tuple (s1, ..., s»), notice that the
number of transitions in each sequence, s;, ¢ = 1,...,n may
not be equal. A transition sequence s; can be represented as
Sil, Si2, ..., Sik; in order, where k; > 1 is the number of transi-
tions in s;. Let max be the most number of transitions in any
transition sequence in the elements of (s1, s2, ..., sn). Then
(s1, 82, ..., Sn) represents the following set of transition con-
tI‘Ol tuples: {(5117 821y «eny Snl), (812, 822, .00y Snz),

S2max,

’ (Slmawu

vy Snmaz) -

Foralli =1,...,n,j = l..maz, if 1 < j < k;, then s;; is the
jth transition of sequence s;. Else, ki < j < max, s;; is an
e-transition, ¢;.

Note that (s1y, S2y, ..., Sny) cannot be used by A before (s1,
$2y ooy Sna), for 1 < o < y < maz. As stated in step (1),
each transition sequence, s, is composed of at least one tran-
sition in ¢;. The transition sequence s can only be completed
if the set of transitions are applied in proper order. Therefore
as a consequence, the transition control tuples can only be
applied in proper order.

The notation, (s1, s2, ..., S ), can then be used to refer to these
set of transition control tuples in P without ambiguity.

3.) Add the two n-tuples (g1, Gno) and (qiyz; -, qnyys),
where for all i = 1,...,n i, : (¢ig,&,€) = (Gij00p, S:$) and
Qiyyp - (qiloop7€7$) F (Qifva)

4a.) Add an n-tuple (t1,¢€2,...,e,) to P for all t1 € §;. Add
(e1,t2,...,en) to P for all {2 € 2. Add an n-tuple (eq, ..., t;,
.y €n) forallt; € 6;, foralli = 1,...,n, for t; : (gijpep, a,a)
(@itoops€)r a € Ty

Another way is to have all possible permutations of which
components have terminal symbols on the top of the stack at
the same time. This is so that A can perform in parallel the
popping procedure for terminal symbols. (4a) is not used at
the same time with (4b) when constructing A.

4b.) Add all possible n-tuple ({1, {2, ..., tn) to P such that for
alli = 1,...,n, a transition ¢; is either &; or t; : (gijo,p, @, a)
(qiloop7€)’ a€T; et € Oi.

The purpose of steps (4a) and (4b) is to make A prioritize the
removal of terminal symbols from the top of the stack. This
is so that A faithfully follows the derivation steps of I'.

Given an input tuple w = (w1, ..., wy), the initial n-configu-
ration of A is of the form ((qo,,w1,€), ... ,(qo,,;Wn,€)). The
accepting n-configuration is ((gs,, €, €), ... ,(¢r,,,€,€))-

We have successfully constructed a A given a I'. We now
prove that A correctly simulates the derivation of T".

10

We prove the claim:

CLAIM 1. (S1,...,Sn) =" (aa10u2, ..., anianme), where for
i=1,..,n an € T) and ap € Ni(N: UT:)* U{e}, if and
Ol’lly if((qlloo;ﬂ a1, Sl$)/ 4 (qnloop7 Ani, S’ﬂ$)) }_* ((qlloop7 &,
Oé12$), s (q"loo;m & a"2$))'

Once the claim is proven, it follows that (S1, S, ..., Sn) =~
(a1, ..., an), wherefori =1,...,n, oy € T} = X7, if and only
if ((q1l00p7 ai, Sl$)/ s (qnloop7 Qn, Sn$)) '_* ((qlloop7 g, $)/ wees
(@n100ps € 8)). When A reaches the n-configuration ((q1,,,,,,
€, 8), s (@nioops €5 3)), it will only take one more direct tran-
sition to reach its accepting n-configuration ((gs,,¢€,¢€), ...,
(gr,,» €, €)) since no other transitions can be made at this point
of the computation. This would mean that for o = (a1, ..., an),
a € n-L() if and only if a € n-L(A).

Proof of Claim 1:

The claim is an if and only if statement and therefore the
proof will have two parts.

Suppose that (S1,S2,...,5n) =" (au, ..., an), where for i =
1,...n, a; = a1y, i1 € Ti* and a2 € NZ(NZ U TZ)* U {8}
The proof is by induction on the length of the computation
of (a1, ..., an) from (S1, S, ..., Sn) by I'.

Basis Step. If the derivation length is 0, then (S1, Sz, ..., Sn)
= (a1, ..., an) = (@12, ..., Qpn2), since fori = 1,...,n, a;1 = ¢;
then, ((q1l00p7 aii, Sl$)/ e (qnloop’ Qnl, Sn$)) F* ((qlloopa &,
a12$), ceey (q"loop7 g, an2$))

Induction Hypothesis. Assume that if (Si,S2,...,5.) ="
(11012, ..., an1an2) by a derivation of length & or less, k > 0,
then ((qlloop> aii, S$)/ e (qnloop? Qnl, S$)) H* ((qlloop7 &,
@128), s (@nio0ps € An28)).

Induction Step. Let

(51, SQ, ,Sn) =ho=h1=..=> hk+1 = (Ocl, . an)

be a leftmost derivation of (au, ..., an) from (S, S2, ..., Sn),
and fori = 1,...,n, let a; = a;142. hy, has at least one non-
terminal, so hi = (u1A1v1, ..., UnApvy) and hi41 = (w1101,
vy UnZnVr), Where fori = 1,...,n, u; € T, A; € N, v; €
(N;UTy)*, rs + A; — x4,and (r1, ..., 7n) € Q. By the induction
hypothesis

((q1l00p7 U1, Sl$)/ e (qnloop7 Un, Sn$)) -
((@1100p> € A1118), ) (Gnioops €5 Anvn$))

and since for i = 1,...,m, r; : A; — z;, and (r1,...,7n) €
Q) 51 : (Giroop> €5 Ai) F (Qijp0p, i) 1s a transition sequence of
M; and (s1, ..., $n) € P. And whenever a terminal symbols
appears at the top of the stack of at least one component, a
transition control tuple from step (4) of the construction is
used by A to remove the terminal symbol at the top of the
stack from all components. So,



((qlloo;ﬂ & A1Ul$), (q’”loopa & A"U"$)) }_
((q1l00p7 g, X101 )/ (qnloopﬁ & CCn’Un$))

Now (a1, ..., @n) = (U1T1V1, «.., UnTnUn) = (Q11012, .-
For i = 1,..,n, ain € T; and a2 is € or begins with a
non-terminal symbol. Hence || > |ui| and |ouz| < |zivi]
and «;1 can be rewritten as u;u; for some u; € T; such that
ujcz = x;v;. Therefore

((qlloop7 u/17 .’L‘1’111$), RAS) (qnloop’ u;H x”v”$)) '_*
((q1l00p7 67 0512$), ey (q’ﬂloo;ﬂ 5? an2$))

by using transitions defined by the transition control tuples
in step (4). Finally, to complete the induction,

(q”loop7 Qnl, Sn$)

((q1l00p7all7sl$),..., )
(qnloo;n u1u117 S $)

((qlloop7u1ul1,51$),..‘7 )l_

((q1l00p7u/17A1U1$) (qnloop7u17 nUn$)) F

((qlloop7u/17 $1U1$), (q”loop7u17 TnUn )) *
)

((q1l00p7€7a12$) (q’ﬂloop7€ an2$)

and this completes the first part of the proof for Claim 1. The
next induction is for the second part of the proof.

Now suppose that ((q1,00p, @11, 518), -/ (@nip0p, @n1, Sn8))
F* ((@1100p> € @128), s (@n100p» € n28)), wherefori = 1, ..., n,
ai1 € 37 and a2 € (N; UT;)"; we show that (S, ..., Sn) =*
(11012, ..., an1an2). The proof is by induction on the length
of the computation of A.

Basis Step. If ((q1;00p, 011, 518), ,.(qnloop,an1,3n$)) [
((q1l00p7€7 O¢12$), e (qnloo]w g, Oén2$)) n zero Steps/ ((qlloop/
a1, Sl$)/ s (q”loop/ Qn1, Sn$)) = ((qlloop’ g, CY12$), 4 (q”loop/
€, an23)), then fori = 1,...,n, a;1 = ¢, a2 = S;, and thus
(S1, ..., Sn) =" (11012, ..y Qn1CR2).

Induction Hypothesis. If ((¢1,,,,, @11, 518), ..
Sn$)) = ((q1l00p757a12$)/ (qnloopas Qn2
tion of k steps or fewer, k > 0, then (S1, ..
Y O(nl()cng).

Y] (inoop, Ani,
$)) by a computa-
Sn) =" (ar10u2,

Induction Step. Suppose that if ((q1;,,,, 11, 518), ...,
an1, Sn8)) F* ((q1100ps €5 128), ooy (Gnipop, €, n28)) in k + 1
steps. Then for ¢ = 1,...,n, there exists 8; € X}, v; € (N; U
Ti)*/ ((qlloop’ 11, Sl$)/ s (qnloop7 Qnl, Sn$)) l_* ((qlloop/ ﬁlf
fyl$)' e (q’ﬂloop/ ﬁ’ﬂ/ 7n$)) ink steps, and ((qlloopl Bl/ 71$)’

- (q"loopl Br, ’Y"$)) F ((qlloop’ & a12$)/ s (qnloop/ & Oén2$)).
This last n-configuration transition is the result of a transition
control tuple in step (2) or a set of transition control tuples in
step (4).

(qnloop/

If the last transition was a result of using a transition control
tuple in step (2), then fori = 1,...,n, i = €, vi = A,
and a;2 = x,v;, for some A; € N;, ©; € (N; UTy)", r; -
A — z,and (r1,...,mn) € Q. Since (S1, ..., 5n) =" (114101,
ws Qn1Anvn) by the induction hypothesis, (Si, ..., Sn) =~

(a11.1,‘11)1, ey ammnvn) = (a11a12, aeey amomQ).

If the last transition was a result of using a set of transition
control tuple in step (4), thenfori =1,...,n, f; = as, a; € T}

5 anlan2)~
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and v = aias2. Then ai1 = wsa;, for some u; € T3, and
((qlloo;ﬂ Uut, Sl$)’ s (q'ﬂloop’ Un, Sn$)) H ((q1l00p7 g, a1a12$)/
woor (@nio0ps €, anan28)) within k steps, so by the induction hy-
pothesis (51, 7Sn) =" (u1a1a12, ceey unanang) = (04110412,
vy Qn10n2).

This completes the proof for Claim 1.

Claim 1 implies that for an n-tuple string w, w € n-L(T") if
and only if w € n-L(A).

Given an input n-tuple w = (wi,...,wn) and w € n-L(I),
from the initial n-configuration of A, ((go;, w1, €), ..., (qo,,
Wy, €)), A uses the transition control tuple, (g1, .-, qno;),
to push the start non-terminals S1, Sz, ..., S, and the bottom
of the stack marker, $ to their respective PDA components’
stacks. Now the current n-configuration is similar to the ba-
sis of Claim 1, ((q1;00p, @1, 518), - (@nio0ps @n, Sn8)), where
fori = 1,...,n, oy = w;. By Claim 1, ((q1;0p, @1, $18), ...,
(q”loop/ Qn, Sn$)) |_* ((qlloop/ & $)/ oy (qnloop’ & $)) since
w € n-L(I'). When A can only use the transition control
tuple (qllfv "'7qnlf)l then ((qlloop/ g $)I o (qnloopf = $)) F
((gfq,€,€), - (g, €,€)), which is the accepting n-configu-
ration of A and therefore w € n-L(A).

If w ¢ n-L(T"), from n-configuration ((q1;4,,, o1, S1$),
(@n100pr On, Sn8)) of A, by Claim 1, there does not exist a com-
putation such that ((q1;,0p, @1, 518), s (@n1o0ps Cns Sn8))
((91100p7 & $), ..., (@nioops & $)). Any computation of A must
pass through the n-configuration ((q1;00p, & $), -/ (@n100ps
€, $)) since we require that all symbols of the input strings
of the components must be read and that their respective
stacks be empty with only the bottom of the stack marker,
$, is left. A can only reach its accepting n-configuration from
this n-configuration. Therefore, A cannot reach the accepting
n-configuration and thus w ¢ n-L(A).

And finally, by Claim 1 and the definition of the languages
under an operation of A, as a consequence the following is
true and is trivial to prove:

o Lfirst(F) = Lfirst(A)
° Lunion(r) - Lunion(A)
o Lconc(r) = Lconc(A)

With these, we can say that L(T") =
for Theorem 3.

L(A). This ends the proof

We illustrate the construction of an n-MAS from an n-MGS
through the next example:

EXAMPLE 3. Suppose we have an n-MGR, T' = (G1, G2, Q),
with G1, G2 and Q defined as follows:

G = (Nl = {Sl},Tl = {a,b},Sl, P = {7’11 : 51 = aSlb,
2151 = 6}
Gz = (N2 = {52}’T2 = {07 d},SQ, P = {7"21 1 So = ¢Sad,

2:52:>€}



Q = {(r11,721), (r12,7r22)}

We construct the equivalent n-MAS, A, of the n-MGS, T using the
four steps of the proof of Theorem 3.

Step 1:

The n-MAS A = (M1, M, P) will be constructed as follows:
= (Q17 217 Ala 617 qStaT‘ta Flv Zl)

where:

Q1 = {q10, quicop; @17} U {qe11,51, qe11,52}
21 = {a,b}
[ ] A1 = {S1,CL,I),$}

® (start — 10

o Ir={qir}
o /| =
o 1 =
= {t11,51 : (q1i00p, €, S1) F (ge11,61, b),
ti1,s2 @ (qein,s1,€,€) F (qen,s2, S1),
ti1,s3 ¢ (qe11,s2,€,€) F (quioop,a)} U
- {t12751 : (qllOOP7 €, Sl) '_ (q1l00p7 g, E)} U
- {ta : (qu00p, @, @) F (quicop, €),
tb : (qlloopab7 b) = (qlloop,5)7
g1 : (qlloop,5,€) = (qlloozu )} U
- {q10: : (q10,¢,€) F (qui00p, $),
qiyy : (quioop, €, 8) (QIf: )}
M = (Q2,22,A2,52,qsmm,F2,Z2)
where:
o Q2 = {q20, Q2i00p, G275} U {qi21,51, 21,52}
® 3o = {C, d}

[ ] Az = {SQ,C, d,$}

® (start = 420

o I ={qr}
o /= @
® J2 =
— {to1,51 1 (q2100p, €, S2) F (qi21,52,d),
to1,s2 @ (qe21,s1,¢€,€) F (qe1,s2, S2),
t21,53 ¢ (qe21,52,€,€) F (q2100p,€) } U
= {t22,51 : (q2100p,€, 52) F (q2100p,€,€)} U

- {tc : (q2loop7 C, C) F (q2100p7 E)
ta : (q2100p, d, d) = (Q2100p, €),
(

2 (qQZOOIM & E) F G2loop, € )}
- {qQOl : (QZO,E, 5) F (q2loop7 )/
215 * (2100p,€,8) F (q21,€)}
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Step 2: Define the set of control n-tuple Pstep2:

Pstep2 -

o {(t11,s1,t21,51), (11,52, t21,52), (t11,63,t21,63)} U

o {(t12,s1,t22,61)}

Step 3: Define the set of control n-tuple Psieps:

Pstep3 =

hd {(q1017q201)7(qllfanZf)}

Step 4: Define the set of control n-tuple Pstepa:

Pstep4 -

d {(tm 52)7 (tb7 52)} U

[ ] {(El,tc)a (Elutd)}

Combining Step 2 to Step 4, we have

P = PstepQ U PstepB U Pstep4

S. FINAL REMARKS

We have presented a construction method for building an
MAS, given an MGS, showing that the MGS can be simulated
by an MAS. This construction method is intuitive, as it is
based on the classic automata theory literature of construct-
ing an equivalent PDA from a given CFG. The downside of
the presented construction method is that the MAS may have
components that become idle, indicated when they use the
e transitions. The ¢ transitions are more prominent when
the pushdown automata components produce non-terminal
symbols. This is certain to result in increased time complex-
ity of the automata system for accepting a given language.

One of the future works that can be looked at is the construc-
tion of a MGS given the MAS. Designing the construction
method is difficult, as the process is more complex, if the con-
struction is based on literature of constructing a CFG from a
PDA.

Results of [6] and [7] shows that the computing power of
MGS is equivalent to that of a Matrix Grammar, that is the
set of Context-Sensitive Languages. This shows that MAS
can also accept context-sensitive languages.

As the both MAS and MGS work as parallel computing de-
vices, for future works, we can look into how to use MAS
and MGS for solving computationally hard problems. Sim-
ilar to the works done in [3], we can add some features to
the existing formal systems to be able to solve hard problems
in lower time complexity, with the trade-off of higher space
complexity.
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