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We consider sets of word tuples accepted by multitape finite automata.
We use the known notation for regular expressions that describes languages ac-
cepted by one-tape automata. Nevertheless, the interpretation of the “concate-
nation" operation is different in this case. The algebra of events for multitape
finite automata is defined in the same way as for one-tape automata. It is shown
that the introduced algebra is a Kleene algebra. It is also, shown that some
known results for the algebra of events accepted by one-tape finite automata are
valid in this case too.
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1. Introduction. Deterministic multitape finite automata were introduced by
M. O. Rabin and D. Scott in 1959 [1]]. Since then, there were attempts to consider
regular expressions as well as the algebra of events accepted by multitape automata.
Algebra of events accepted by one-tape automata was considered in [2]. Several
attempts most relevant for our consideration are briefly considered below.

B. G. Mirkin [3|] has considered a special coding for sets of word pairs
accepted by multitape automata. The paper [3|] notes the following: “For simplicity
in the following discussion we will consider only D, and N,", without any proof
seems not enough for using the suggested coding for n > 2. It is necessary to use
another coding for that case (for example, see [4]) published back in 1980. The latter
coding clearly reflects all dependencies that exist simultaneously in fillings of tapes.

Another consideration of sets of word tuples accepted by multitape automata
was given by P. Starke in [5]]. For the deterministic multitape automata the following
result holds true: “A n-ary relation R over W(X) is representable by a finite
deterministic n-tape automaton, if there exists an admissible regular expression 7'
such that R = Val,(T)". Nevertheless, in the same paper the author mentioned that
“unfortunately there are non-admissible regular expressions 7 such that Val,(T) is
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representable by a deterministic automaton”. It will be shown below that for any set
of tuples accepted by a deterministic multitape automaton the corresponding regular
expression can be built based on definitions and the notation introduced in this paper.

At the same time it will be shown that there is no need to introduce a special
notation for the regular expression model for deterministic multitape finite automata.
So the existing notation for one-tape automata can be used. The only difference is the
interpretation of the regular expression for the operation of concatenation that should
be changed based on the coding of the alphabet symbols introduced in [4].

Algebra of events for the multitape finite automata and the systems of equa-
tions in the algebra will be defined similarly to the definitions of the algebra of events
accepted by one-tape automata [[6]. In particular, an alternative specification of a
deterministic multitape finite automaton via systems of equations in the algebra of
events is suggested. It is proved that the considered algebra is a Kleene algebra.
Consequently, all the related results in [6] are also true in this case.

2. Free Partially Commutative Semigroups. Recall some definitions from
[7]. If X is an alphabet, then the set of all words over X, including the empty word,
will be denoted by Fx, and the set of all n-element tuples of words by Fy.

Let G be a semigroup with a unit generated by the set of generators
Y ={y1,y2,-..,¥n}- G is called free partially commutative semigroup, if it is defined
by a finite set of definitive assumptions of type y;y; = y;yi.

LetK: Fy — F {”071} be a homomorphism over the set Fy, which maps words
from Fy to n-element vectors in binary alphabet {0, 1}. The homomorphism K over
the set of symbols of the set Fy is defined by the equation:

1, i=},
K(yi) = (a1i,...,ani), where ajj=1<e, yiyvj=yvi,
0, yiyj #yi

At the same time K(e) = (e, ... ,e).

K(yiyj), i # j, can be defined in one of the two alternative ways:

1. Right concatenation: K(y;y;) = (aiiaij,...,anian;);

2. Left concatenation: K(y;y;) = (aijaii, ... anjan;).

The first way was in fact used in [5]]. The second way was used in [4] as well
as in this publication. Left concatenation for semigroup elements a = y;; ... yy and
b=yji...yj is defined in the following way:

K(ab) = K((alik. Aty -5 Apik - - ~am'l)7 (alﬂ . .a]j],.. . ,anﬂ .. .a,,jl)) =
= (alﬂ .- A1j1A0ik - - - A1l - - -5 Anjl - - - An j1Anik - - .am-l).

As stated in [4], the homomorphism K can be considered as a mapping not
only over the Fy, but also over the free partially commutative semigroup G.

3. Regular Expressions. We will consider tupless of binary words for the
element representation in a free partially commutative semigroup that were
introduced in Section 2.

First, let us discuss K(G). Due to the fact that K is a homomorphism, K(G)
itself is a semigroup with X = K(Y) generators and identity (e,...,e). By Lemma 2
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from [4], any element in K(G) can be represented in the form k; k;, ...k;,, where
ki, € X Vj. Note that an element may have multiple representations of this form.
Hence, we define an equivalence relation pgx over K(Fy). If p,q € K(Fy), then we
write ppkq if and only if they are the representations of a same element in K(G).
The relation pg splits K(Fy) into disjoint classes. The class containing an element p
will be denoted by [p]. Obviously, [(e,...,e)] ={(e,...,e)} and [ki] = {k;} Vk; € X.
These classes will be used to define regular events and regular expressions.

The operation of multiplication for tuples of binary words introduced in the
mentioned section will be considered further as an operation of concatenation for
tuples. Based on the operation of concatenation, the operation of iteration over a
tuple of binary words may be defined similarly to the operation of iteration for words
[2]. The operation of union for a pair of tuples also can be defined similarly to the
operation of union for words given in [_2]].

Having the operations of a union, a concatenation and an iteration, we can
define notions of regular event (set) and regular expression [2]].

A regular event in a partially commutative alphabet X is defined as follows:

1. 0 (empty set) is a regular event in X;

2. E={[(e,...,e)]} is aregular event in X;

3.VyeY {[K(y)]} is a regular event in X;

4. If P and Q are regular events in X, then so are

P+Q=PUQ,;

iit) PO ={[s] | s=pq, [p] € P, [q] € Q}, where pq is the left
concatenation of p and g;

iii) P* = U,>oP", where P’ = E, P" = PP"~1) for n > 1;

5. There are no any other regular events in X.

A regular expression in a partially commutative alphabet X is defined
as follows:

1. 0 is a regular expression, which denotes the regular event 0;

2.K(e) = (e,...,e) is a regular expression, which denotes

the regular event E;
3.Vy €Y K(y) is aregular expression, which denotes the regular event{ [K(y)] };
4. If p and g are regular expressions in X denoting regular events P and Q
correspondingly, then so are:
i) (p+q), which denotes the regular event PU Q;
ii) (pq), which denotes the regular event PQ;
iii) (p)* = Un=0(p)", where (p)°® =K (e), (p)" = p(p)"~") forn > 1,
which denotes the regular event P*.

5. There are no any other regular expressions in X.

As an illustrating example we consider the following input alphabet:
X = {]C],Xz,]C3}, where X2X3 = X3X2 and X1X2 75 X2X1, X1X3 75 X3X1.

Using the binary coding considered in the Section 3, the following correspon-
dence between the words in Fy and three-element vectors in the binary alphabet
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{0,1} will be obtained:
K(x1) =(1,0,0), K(xz) = (0,1,e), K(x3) = (0,e,1).
If we consider the regular expression
((1,0,0) 4 (0,1,e) + (0,e,1))*(1,0,0) = (x; +x2 +x3)"x1,

then we will obtain the set of all words ending with x;.

The regular event corresponding to a given regular expression R will be
denoted as E(R).

For the regular expressions we use the same notation both for one-tape and
multitape automata, but they will have different interpretations.

4. Algebra of Events. Similarly to [2], it can be considered an algebra of
regular events in the case of multitape automata, where the elements of events are
words in the alphabet K(X). This algebra will be denoted with Ay .

The tuple € of empty binary words (e, ...,e) will be named the empty tuple
and the set E = {[¢]} is the empty event.

In addition, let us define a partial order in a natural way. If P and Q are regular
events in a partially commutative alphabet X, then P < Q denotes the set relation
PCO.

It is evident that the operation of concatenation for tuples, introduced in the
Section 2, will preserve the relations between events that we have in the algebra of
events for the one tape automata [6]]. Thus we come to the following theorem.

Theorem . The algebra of regular events for multitape automata is a
Kleene algebra. In particular, for any P,Q,S,Z € (Ax, +, -, *, 0, E) all 15 Kleene
axioms hold:

1. P+(Q+S)=(P+Q)+S. 8. P(Q+S)=PQ+PS.

2. P+Q=Q+P 9. (P+Q)S=PS+0S.

3. P+0=P 10. 0P = 0.

4. P+P=P 11. PO =0.

5. P(QS) = (PQ)S. 12. E+PP* < P*,

6. EP=P. 13. E+P*P < P*,

7. PE=P. 14. Q+PZ<Z P Q<Z.

15. 0+ZP<Z— QP* < Z.

Each of this axioms will be proved below.

Proof. Theaxioms 1-4 directly follow from the definition of + operation:
I. P+(Q+S)=PU(QUS)=PUQUS,

(P+Q)+S=(PUQ)US=PUQUS;,
2. P+Q=PUQ=0QUP=0+P;
P+0=PUOD="P;

4. P+P=PUP=P

To prove the 5th axiom we will use the associativity of the left concatenation

operation.

et
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{l ,
{l ,
={lpr] | [Pl €P [rl=lgs], [g) € O, [s] € S}
={[pgs] | [Pl €P, gl €Q, [s] €S}
(PQ)S=A{[rs] | [r] € PO, |s] € S}
={lrs] | [r]€{lprq] | [P]€P, lq] € O}, [s] €S}
={lrs] | [r]=1[pagl, [Pl €P, [q] € Q, [s] €S}
Next ={lpgs] | [pl € P, [q] € Q. [s] € S}.
6. EP={lep| | [e| €E, [p] € P} ={[ep] | [p] € P} ={[p] | [P]€P}=P.
7. PE={[pe] | [pl€ P, [eleE}={[pe] | [pJeP}={[p] | [Pl €P}=P.
8. P(Q+S)={[pr] | [p]€P [r]€Q+S}
={lpr] | [P]€P, [rl€Qor[r] €S}
={lpr] | ([p]€P [rJeQ)or([p]€P, [ €S)}
={lpr] | [Pl € P, [r]€QtU{[pr] | [p]€P [r] €S}
— PQUPS = PQ + PS.
9. (P+Q)S={[rs] | [l eP+Q, [s] €S}
={[rs] | [f]€Porr]€Q, [s] €S}
={lrs] | (€ P [s]€S)or([r]€Q, [s] €5)}
={lrs] | [ € P [s]eStU{[rs] | [r] €Q, [s] € S}
— PSUQS = PS+0S.

10. 0P ={Jop] | [0] €0, [p] € P} =0.
11. PO={[po] | [p] €P, 0] €0} =0.
To prove the 12th and 13th equations it is enough to prove that any element in
the left expression is contained in P* too.
12. Vpe E4PP* = pc E or p € PP*,
(1] pe E=pe P,
(2] pePP = pe{[pip2] | [p1] P, [p2] € P7}
=pe{lpipa] | [p1] €P [p2] € UpzoP"}
= pe{lP] | [P €Un=tP"} S{[P] | [P'] € UnzoP"}
= peP.
13. Vpe E+P'P=pecEorpecP*P,
[1] pe E= pe P,
[21 peP'P=pe{lpip2] | [p1] € P, [p2] € P}
= pe{lpipa] | [p1] € UnzoP", [p2] € P}
= p e{[P] | [Pl € Un=aP"} SH{IPT | [P'] € UnzoP"}
= peP.
It was proved in [8]] that if the previous 13 axioms hold, then axioms 14 and
15 are equivalent to:
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16. PZ<Z—PZ<Z.
17. ZP<Z —7ZP*<Z.
respectively.
To prove these two axioms the mathematical induction will be used.
16. [1] PZ<LZ.

[2] Let us assume that P*1Z < Z.

[3] Let us proof that P*Z < Z.
Indeed:

pPlz<z

=P (P2)<ZoP'Z<2Z,
PZ<Z

PZ=(E+P+P +--+P'+-)Z=EZ+PZ+P*Z+---
Obviously, EZ < Z, and by the induction: Pz < 7 Yk > 1.
Thus, P*Z < Z.
17. [1] ZP < Z.

[2] Let us assume that ZP"! < Z.

[3] Let us proof that ZP" < Z.
Indeed:

ZPl1<z

= (ZP)P" ' <Z o ZP" < Z,
ZP<Z

ZP*=Z(E4+P+P>+ - +P"+---)=ZE+ZP+ZP*+---
Obviously, ZE < Z, and by the induction: ZP* < 7 Vk > 1.
Thus, ZP* < Z. O

The Theorem is proved and so Ay is a Kleene algebra. It was shown in [9]] that
the algebra of events for one-tape automata is complete over Kleene axioms, in other
words, any property in the algebra of events for one-tape automata can be induced
from the mentioned 15 axioms.

Corollary . Any equation in the algebra of events for one-tape automata
is also true in the algebra of regular events for multitape automata. The opposite is
not always true.

Now let us consider a system of equations of regular events for multitape
automata similarly to the system of equations of regular events for one-tape automata
discussed in [6]].

X =XiS11+ X851+ -+ X,5,1 + Ry,

Xo =X1S12+ X252 + -+ XuSn2 + Ra, N

Xn = X1S1n + X280, + - + XS +Rn7
where §;; and R; are given regular events and X; are unknown events.
Proposition 1. If[e] ¢S, then the equation X = XS+ R has a unique
solution, and it can be expressed as X = R(S)*.
Proposition 2. If the solution of the system of equations (1)) is unique,
then it can be found by a successive elimination of unknown variables.
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Both Propositions are analogous to the theorems in the case of regular
expressions for one-tape automata from [6]. They may be proved using the same
technique discussed there, since all the steps are done using the Kleene axioms or
their corollaries.

To illustrate the technique described above, a finite multitape automaton in
Figure is considered.

NMEFA for (e,e,10,01)((e,e,01,10) 4 (10,01, e,¢e))*.

The transition function of the considered automaton can be transformed to a
form, displayed in the Table.

Transformed transition function

q1 q2 q3 q4 4qs g6 q1
a0 (eel,0) 0 0 0 0 0
g | 0 0 (e,e,1,0) 0 0 0 0
q | 0 0 0 (e,e,e,e) 0 0 0
qs | 0 0 0 0 (e,e,1,0) (0,1,e,e) (e,e e e)
gs | 0 0 0 (e,e,0,1) 0 0 0
qe | 0 0 0 (1,0,e,¢e) 0 0 0
q7 | 0 0 0 0 0 0 0

It can be rewritten as a system of equations, where the equation i corresponds
to the column i of the Table (i =1,...,7).

X1 =X10+ X0+ X350 + X40 + X50 + X0 + X70 + €,

X, =X (8,6,0, 1) + X204 X30 4 X40 4 X50 4 X0 + X70,

X3 :X10+X2(e,e,1,0)+X3®+X4®+X5®+X60+X7®,

Xy = X104+ X0+ X3¢+ X40+ X5(e,e,0,1) + X6(1,0,e,¢) + X70,
Xs :X1(2)+X2(Z)+X3(Z)—|—X4(e,e, 1,0) + Xs50 4 X60 + X70,

Xo = X104+ X0+ X350 +X4(0, 1,6,8) + X50 + X0 + X750,

(X7 = X104+ X>0+ X304 X46 + X50 + X0 + X70.

Solving the system of equations by successive elimination of unknown
variables we obtain:



SOME RESULTS ON REGULAR EXPRESSIONS FOR MULTITAPE FINITE AUTOMATA 89

Xi=e,
Xi=e, X, = (e,e,0,1),
X2 =X (e,e,0,1), X3 = (e,e,0,1)(e,e,1,0),
X3 =X(e,e,1,0), X4 =(e,e,0,1)(e,e,1,0)+
X4:X3€~+X5<€,€,0,1)+X6(1,0,€,€), —I—X4(e,e,1,0)(e,e,0,l)+
X5 = X4(e,e,1,0), +X4(0,1,e,e)(1,0,e,e),
Xe :X4(0,1,e,e), Xs :X4(€,€,1,0),
X7 = X2 Xo =X4(0,1,e,¢),

X7 =X4.

It follows from Proposition [I] that:
X4 = (e?e707 1)(6787 170)((6767 170)(6’6?07 1) + (0’ 17676)(17076?6))* =
= (e,e,10,01)((e,e,01,10) + (10,01, e,e))".

Since the final state of the automaton is g7, the value of X7 is the regular
expression, which describes the considered DFMA. Since X7 = X4, we obtain:
X7 = (e,e,10,01)((e,e,01,10) + (10,01, e,e))*.
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S. W arpanNr3vy

AUQUUFUMNUYEL WISAUUSLE P SUUUN yuuLaLudne
ULSUNUSSNFE-83NFLLEND UELUABM3UL NONS UMBAFLLLER

Yhypuwpynd GBo puquuduyuytt yhppudnp wfypnuunpitiph Ynnihg
Swbhwgynn pwntiph Ynppbdibph pwuqumpynbbdbp: Oqpugnpoymd £ dhkl
duyutibwling wypniunpbbph  Ynnuhg dwbwgynn (kgmbtpp  Glupugpnn
Jubnwynp wpppwhwypnpjnbdtph hwypth gptjuwatp: Uwluw)b, wju nbhypmd
“Unbjumptibughw”  gnpdnnnipyub dEjupwbmpnidd wyp k' Uwhdwidb k
puquudwyuwytb yhpowynp wpniunpibiph yunpuwhnypibph hwipwhwohyp uby
duyutibwiing wyypniunpbbtph wunpwhnypitph hwipwhwyh vwhdwbdwh
wbnpudp: 8nyg L yppybi, np thpinuoywd hwmbpwhwohyp L1hth hwbtpwhwyhy
L: bogybu bwl gnyg £y by, np dby duguytbuwing wyypndunbtiph wyupuwhny -
Otph hwipwhwoyh ypwpbpyjwi npn wpnyniopttin 6hoy Gh bwle wju hwipwhwoyh
nbiypnid:



