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Abstract. A new type of two-dimensional automaton for accepting
two-dimensional languages, called as two-dimensional input-revolving
automaton is introduced in this paper. It is an extension of input-
revolving automaton for string languages. We bring out all the variants of
this automaton which are based on the various types of column-revolving
operations considered here. We compare the families of array languages
accepted by the variants of these automata along with the well known
families of Siromoney matrix languages. We discuss some of the closure
properties of the new families of array languages and give an application
in steganography.
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1 Introduction

Two-dimensional languages, also called picture languages, are sets of two-
dimensional arrays of symbols chosen from a finite alphabet. Their application
and importance can be seen in image processing, pattern recognition, character
recognition and also in studies concerning cellular automaton and other models
of computing. Due to the structure handling ability of the syntactic models, syn-
tactic techniques of generation of digital picture arrays have become one of the
major areas of theoretical studies in picture analysis and pattern recognition.
Various grammars and automata have already been proposed for the generation
and recognition of rectangular picture languages [4,8-11,13,14,16].

Automata play a vital role in the theory of picture recognizability. The gener-
alization of finite state automata to two-dimensional languages can be attributed
to Blum and Hewitt [2] who introduced the notion of 4-way automata. Array
automata acting on scenes (two-dimensional tapes) are defined in [5]. Motivated
by certain floor designs called “Kolam” patterns, Siromoney et al. [12] introduced
Siromoney Matrix Grammars (SMG), a simple and elegant grammar model for
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generating rectangular arrays. Several variations of Siromoney matrix grammars
have already been added to the literature, for instance [15,17].

In this paper, we extend the concept of input-revolving automata system-
atically investigated in [1], with several shift operations, namely left-revolving,
right-revolving and circular-interchanging operations to two dimensional lan-
guages. Input-revolving automata work similar to ordinary finite automata
except that they can make three special shift operations as mentioned. Two-
dimensional input-revolving automata work on an input array row by row and
every row computation is same as that of input-revolving automata for string
languages. Here we introduce column shift transitions, namely left column-
revolving, right-column revolving and circular column-interchanging transitions
which shifts an entire column. We study all the variants of these automata,
both deterministic and non-deterministic, based on the various types of column-
revolving operations considered. We compare various classes of languages
accepted by these automata with the families of Siromoney matrix languages [12].

2 Preliminaries

In this section we recall some notions related to formal language theory and array
grammars (see [7,12]). Let X be a finite alphabet, X* is the set of words over X
including the empty word A\. ¥t = X* —{\}. Forw € ¥* and a € X, |w|, denotes
the number of occurrences of a in w. An array consists of finitely many symbols

from X that are arranged as rows and columns in some particular order and is
aiir - Qin

written in the form, A = or in short A = [a;;]mxn, for all a;; € X,

Am1 *** Amn

i =1,2,....,mand j = 1,2,...,n. The set of all arrays over X' is denoted by
2** which also includes the empty array A (zero rows and zero columns). X+ =
X —{A}. For a € X, |A|, denotes the number of occurrences of a in A. The col-

aiyl -+ Qip bi1 -+ big
umn concatenation of A = : 1 ,andB= | © - ] , defined only when
. but -+ bug
air -+ aip b1 - big
m =n, is given by Ao B = © |. As 1 x n-dimensional arrays
@1 A by < g

can be easily interpreted as words of length n (and vice versa), we will then write
their column catenation by juxtaposition (as usual). Similarly, the row concate-

aiy --° Qip

Am1 - Gmp

nation, defined only when p = ¢, is given by A6 B = | b |- The empty

bn1 -+ bng |
array acts as the identity for column and row catenation of arrays of arbitrary
aiir *° Qin

: 1 , then the transpose of A is AT =

Am1 " Gmn

[a11 + am1

dimensions. If A =

La1n *** OGmn



150 S. James Immanuel et al.

Given a picture A € X** of size (m,n), we define A as the picture of size
(m,n+ 1) obtained by adjoining a special symbol # ¢ X to the right end of the
input array. |A|. is the number of columns in picture A and |A|, is the number
of rows in picture A. If every element in an m X n array is a, then we write this
array as a,,.

Definition 1. A Context-sensitive matrix grammar (CSMG) (Context-free
matrix grammar (CFMG), Right-linear matrix grammar (RLMG)) is defined
by a 7-tuple G = (Vy,,V,, X1, X, S, R, R,,), where: V}, is a finite set of horizon-
tal nonterminals; V,, is a finite set of vertical nonterminals; X C V,, is a finite
set of intermediates; X is a finite set of terminals; S € V}, is a starting symbol;
Ry, is a finite set of horizontal context-sensitive (context-free, right-linear) rules;
R, is a finite set of vertical right-linear rules.

There are two phases of derivation of the Siromoney Matrix Grammars. In
the first phase, a horizontal string of intermediate symbols is generated by means
of any type of Chomsky grammar rules in Rj. During the second phase treating
each intermediate as a start symbol, vertical generation of the actual picture is
done parallely, by applying R,. Parallel application ensures that the terminating
rules are all applied simultaneously in every column and that the column grows
only in downward direction. The language generated by a CSMG (CFMG, RLG)
is called a CSML (CFML, RML). For more information, we can refer to [12].
We denote the family of Siromoney matrix languages by £(X), where X €
{CSML,CFML,RML}.

3 Two-Dimensional Input-Revolving Finite Automata

In this section we introduce the two-dimensional input-revolving finite automa-
ton and explain its working with an example.

Definition 2. A two-dimensional non-deterministic column revolving finite
automaton, a 2-NCRFA for short, is a 6-tuple M = (Q,X,0, A, qo, F'), where
Q is a finite set of states, X is an input alphabet, QN X =0, 5 C Q x (XU
(N, #}) x 29 is the finite set of transition rules, # is a special symbol not in
QUY, A CQx(XU{A}) x29 is the finite set of column revolving rules, gy € Q
is the initial state, and F' is the set of final states.

M s said to be A-free if § is a mapping from Q x (X U{#}) to 29 and A is
a mapping from Q x X to 29.

Members of §, A are referred to as the rules of M and instead of (p,y,q) € §
(or A), we write py — q € 6 (or A). Based on the different interpretations
of the mapping A, we formally distinguish the different operations on the input
array and hence categorize various types of 2-NCRFA. For this, we consider

X
configurations of this automaton for some input array A = wv, of size m X n
Z
X
with X, Z,u,v € L** [ uv is 1 xn array, to be of the form uqu where q € Q. This
7
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means that q is the current state of the finite control with tape head reading the
first element inv. (X,u) and (v, Z) are therefore the read and unread part of the
put array, respectively. The transition of a configuration to next configuration
can be induced by either § or A.

X
1. Let a € Y U{A\} and A = uav be an m x n array in X** with | X|. =
Z
X X
luav|. = |Z|c. If ga — p is in 6 then, ugav# Fpr uapv# . These transitions
Z Z
X
are called as the normal transitions. Let A = u be a m xXn array in X** with
Z
X X/
| X|e = |ule =1Z|c,u is alxn array. If g# — pisin § then, u q# b pu'#,
Z A

X u’ A
where, X' =", Z = _, and v is a 1 X n array.
U 7

2. Column revolving operations are performed by applying the rules from A.
X7 Xo X3 Xy
Forae YU{ALbe X, amxnarray, A= uw a v b in X" with
Zy Zo Z3 Zy
|X1‘C = ‘u|c = |Z1|Ca |X3|c = |v|c = |Z3|c; |X2|c = |Z2|c = |X4|c - |Z4|c =1
and a rule ga — p in A,
(a) a left column-revolving transition is defined by

X1 Xo X3 Xy # X1 X4 Xo X3 #
uwqga v b #lFylugb a v #
Zy  Zy Z3 Ly # Zy Ly Zy I3 #

(b) a right column-revolving transition is defined by

X1 Xo Xz Xy # X1 X3 Xy Xo#
uqa v b #HrFy|lugov b a#
Zy 2o Zy Zy # Zy Z3 Zy Ly #

(¢) a circular column-interchanging transition is defined by

X1 Xg X3 Xy # X1 Xy X3Xz#
uqga v b #rylugb v a #
Zy 1o Z3 1y # Zy 1y Z3 1y #

If a = X, then the column-revolving operation is carried out irrespective of
what symbol is being read by the finite state control. If ‘a’is being read by the
state q at the end of some row of the input array then there is no column-
revolving involved and simply the state will be changed to p.
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Whenewver there is a choice between a normal transition or a column-revolving
transition, the next move is non-deterministically chosen by the automaton.
A deterministic 2-dimensional column revolving automaton, a 2-DCRFA for
short is defined in the same way as 2-NCRFA except that § C Q X (X U{\, #}) x
Q, ACQx(XFU{N}) xQ and for which there is at most one choice for any
possible configuration.

The reflexive transitive closure of =y is denoted by, 3.

Based on the column-revolving operation involved, a 2-NCRFA is referred to
as two-dimensional non-deterministic left-column revolving (2-NLCRA), right
column-revolving (2-NRCRA) or circular column-interchanging finite automa-
ton (2-NCIRA). The corresponding deterministic wvariants are referred to
as 2-DLCRA, 2-DRCRA and 2-DCIRA. We can also consider bi-column-
revolving automaton, where both left column-revolving and right column-revolving
transitions are involved. We can formally define this two-dimensional non-
deterministic bi-column-revolving automaton or in short 2-NBCRA to be a 7-
tuple, M = (Q, X, 0, A1, Ay qo, F), where M = (Q, X, 6, Ay, qo, F) is a 2-NLCRA
and M = (Q,X,6, A, qo0, F) is a 2-NRCRA. Whenever we refer to an automa-
ton as two-dimensional input-revolving finite automaton it is either left column-
revolving, right column-revolving, bi-column-revolving or circular column inter-
changing.

We define the language accepted by a two-dimensional input-revolving finite
automaton M to be,

A
Ay q0A1 .1 qo A1
LIM)=qA= : eXx* LBy A: or simply by qwithqge F
Am A, v Am
qA

We denote the family of languages accepted by devices of type X by £(X).

Ezample 1. Let, M = ({q0,q1,92},4{0,1,2},6, A, g0, {qo}) be a 2-DCRFA, where
6 = {200 — 1,11 — 2,922 — qo,q# — qo} and A = {gol — qo,q02 —

90,010 = q1, 12 — q1, 420 — q2, 21 — ga}.
The automaton M accepts the following language regarded as either 2-

DLCRA or 2-DRCRA,
X1
LM)={X= 1 €{0,1,2}*
Xm,

each X;’sare of size 1 x n and
| Xilo = | Xi[1 = [Xilo,V i=1,2,...,m

Working:

The automaton works on X if X is given as the input array. Starting from
state gg and the tape head on the first element of the first row in the input X,
the automaton M tries to read 0, 1 and 2 sequentially beginning with 0. It uses
the § transitions to store the current missing symbol in its finite control in order
to search for it. Being in a search state, all non-matching symbol are column-
wise shifted by the transitions from A. If the automaton reads #, it means that
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a complete row is read. Now the automaton uses the rule go# — ¢p in ¢ and
moves to the first element of the very next row. This computational process is
repeated for the subsequent rows until the entire array is read. If after reading
the entire row, the automaton is in state gg, then the input array is accepted or
else it is rejected. Thus accepted array has equal number of 0s, 1s and 2s in each
of its rows.

Ezample 2. The language L = {(e¢"Xe"),, | n,m > 0} is accepted by a 2-

DLCRA7 M = (Q){.7X}a6a AaQOa{Q4})7 where Q = {q07q17q2,q3aQ47q5}a 0 =
{@10 — q2,q20 — 0, 90X — 3, 33%# — q1,q1® — 5,95® — ¢1,94X — g3} and

ee X oo

. . . oo X oo

A = {qo® — q1}. The working of this automaton for an input array ceX oo
ee X oo
is given as follows (Successive configurations are listed one below the other. The
configuration at the end of a column is succeeded by the configuration at the
top of the next column. The last configuration at the last column of this page is

succeeded by the first configuration on the first column of the next page):

gpeeX eed eee e X # oo oo X # o eee X #
ee X oo # cee o X # eog 00 X # e eee X #
ee X eoo# eee o X H# ee o0 X # egs 000 X #
ee X oo # eee o X # oo o0 X # o eoe X #
- F F F
queee X e eeee g X # eee o X # oo oo X #
eoe X o# eeee X # e 0 X # ee o0 X #
eoe X o# eeee X # eee o X # eeq 00 X #
ceoe X o# eeee X # eoe o X # ee o0 X #
F F F F
e 00 X o eeee X g3 # eeee X # eee o X #
o oo X o# eeee X # eoee g X # eee o X #
e oo X o# eeee X # eoee X # eee g0 X #
e oo X o eeee X # ceee X # eee o X #
- H F F
eegye X o eoee X # eoee X # eeee X #
ee o X eo# qreeee X # eoee X g3 # eeee X #
ee o X o eeee X # eeee X # eeee g X #
e o X oeo# eoee X # eoee X H# eeee X #
F F F F
eeg ee X # e eoe X # eoee X # eeee X #
oo o0 X # egs000 X # ceee X # oo X #
oo oo X # o eee X # qgreeee X # eoee X g3 #
oo oo X # o eoe X # eoee X # eeee X #
F F F +
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eeee X # ee o0 X # eee X #

ceeeoe X # oo oo X # eoee X # o
ceee X # e oo X # eeee X #
qaeeee X # e 00 X # eoee gy X #

- - -

e eee X # eee o X # eeee X #

o o0 X # eee o X # seeee X #

e oo X # eee o X # eoee X H#

egsee0 X # eee ;0 X # eoee X g3 #
F F F

The definition of two-dimensional column revolving finite automaton allows
A-transitions of both § and A. The A moves do not increase the computational
power of any such automaton. (It is so, because, for every non-deterministic
column-revolving automaton involving A transitions in normal rules or column-
revolving rules, an equivalent A-free non-deterministic column-revolving automa-
ton can be easily constructed (same for the deterministic variants)).

4 Comparison of the Variants

In this section we consider two-dimensional deterministic and non-deterministic
variants of the column-revolving finite automata in a detailed way. In particular,
we give the comparison among the different column-revolving rules and it turns
out that the non-deterministic variants are better than the deterministic ones.

Theorem 1. The language L = {(e" X o"),,, | n,m > 0} is not accepted by any
2-NRCRA.

Proof. We assume that the language L is accepted by some 2-NRCRA, M =
(Q,X,0,A4,qo, F) with |Q| = t. Let us consider an array A with |A|. > 2t, which
is given as an input to the automaton M. The automaton begins its computation
starting from the first element of the first row. During its computation on the first
row some state, say p, appears at least twice, because of Pigeon Hole Principle.
Let us consider that the first appearance of state p is reached after ¢ ordinary
moves and j right column-revolving moves with 0 < j < t. Therefore we have,

oot X o #

ol: pe ot 1-i=j X gnti #
( X X o™ #)mfl

*
e (¢ o on—1=i=i X onti 4), |
Let us consider that the second appearance of state p is reached after k ordinary
moves and [ right column-revolving moves with 1 <[ < t—j. Therefore we have,

.z: pe .nflfz:fg: X .n+]: # L .z:Jrk pe .nflfz:fj:fkfl X .n+3:+l #
(.z ° .n—l—z—j X .n+] #)mfl M (.erk ° .nflfzfjfkfl X .n+g+l #)m—l
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Since we have assumed that the array A is accepted, the computation reaches
an accepting state, say ¢y, such that,

oitk pe on—1—i—j—k—l X ontitl "

(.i+k o on—l—i—j—k—l \ qntij+l #H)m-1 M 4f

When we consider the input array as A’ = (e"~*~IXen*!) = the automaton
accepts this input too,

qQo ® .nflfkfl X .n+l # . ot pe .nflfifjfkfl X .n+j+l # .
(oon—loh=l X gntl gy "M (gi o qn-l=imj=k=l x gntjtl gy Fuv ar

But the array A’ is not a member of the language L. This is a contradiction to
the initial assumption. Hence the theorem is proved. a

Theorem 2. Let L = {{0,1}**|3 at least one row in which number of 0s and 1s
are not equal}. This language is not accepted by any 2-DBCRA but is accepted
by some 2-NRCRA.

Proof. We first prove that the language L is not accepted by any 2-DBCRA,
by the method of contradiction. Let us assume that the language is accepted by
some 2-DBCRA, M = (Q, X,6, A, qo, F) with |Q| = t. Let A = (0"12"790"),,
with n,m,j > 2, j <n, j # 0 and n > t be the input given to the automaton.
Based on pigeon hole principle, there exists a state, say p, which appears at
least twice during the computation on first row. Let the first occurrence of state
p be reached after: i normal transition, Iy left column-revolving transition and
71 right column-revolving transition,

% 0 On—l 12n—j On # . 07 P 0 On—l—i+l1—r1 12n—j On—l1+r1 #
( 0Qn—112n—3 on #)m—l M (Oi 0 Qn—1—ithi—r1 12n—j gn—li+r #)mfl

Let the second occurrence of state p be reached after: j normal transition, ls left
column-revolving transition and ry right column-revolving transition.
Oi P 0 On—l—i+l1—r1 12n—j On—l1+r1 #
(Oi 0 0n—1—i+ll—r1 12n—j On—l1+r1 #)m—l
Oi+j P 0 On—l—i—j+l1—r1+l2—r2 12n—j On—l1+r1—l2+r2 #

Fr

(0i+j 0 0n—1—i—j+l1—r1+lz—r2 1271—j On—l1+r1—l2+r2 #)m—l

Since the considered array A is in the language L, the computation reaches the
accepting state, say ¢y i.e.,
07L+j P 0 0n717i7j+l17r1+1277‘2 12n7j Onfll+rlflg+r2 #

*
(0i+j 0 0n717i7j+l17r1+127r2 12n7j 0n711+r17l2+r2 #)m—l I_M qf

Let us now consider the input array A’ = (0»~J+l—rz12n=jgn=lz+r2)  Due to
the deterministic behavior, the computation on the input array A’ is,
9 0 On—l—j+l2—r2 12n—j On—l2+r2 #

( 0 Qn—1-d+la—r2 12n—j n—l2+r2 #) l_?w

m—1
Oi P 0 On—l—i—j+ll—r1+l2—r2 12n—j 0n—l1+r1—l2+r2 #
*
(Oi 0 0n—1—i—j+l1—7*1+lg—r2 12n—j On—ll+r1—l2+r2 #)m—l M 4df
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But this is a contradiction because A’ is not in L. Now we prove that there is a
2-NRCRA, M’, that accepts the language L. M’ works on each row by reading
a 0 and a 1 alternatively. This part is similar to the working of the automaton
considered in Example 1. The input array is rejected if M’ finds that the numbers
are equal in each and every row. If there is at least one row in which the numbers
are not equal then M’ accepts the input array. Also, during the computation on
each and every row, M’ guesses whether there are only 0’s or 1’s remaining on
present row and if that is the case then it simply reads the remaining elements
on the row and the guess is verified. Hence, M’ can accept the input array for
correct guess on at least one row or else reject it. Hence the proof. O

Theorem 3. There is a language L not accepted by any 2-NLCRA but accepted
by some 2-DRCRA.

Proof. To prove this theorem, we consider the following language L =
X1
YOX |[Y=0"")n,X= © ,X;€{0,1}T,n+|Xilo=1+4|X;]1,Vn,m>0,i=1,...,m
Xm

Let us assume that L is accepted by some 2-NLCRA, M = (Q, X,6, A4, qo, F)
with |Q| = t. Let us consider the array A = (0"*11%270"),,, with n,m > 0 and
n > t to be the input given to the automaton. Based on assumption, there is
an accepting computation such that a state, say p appears at least twice during
the computation on first row. Let the first occurrence of state p be reached
after ¢ normal transition and j left column-revolving transition and its second
appearance be reached after k normal transition and [ left column-revolving
transition with 0 <4,5,k,l <n and k + [ > 0. Hence we have,

% 0o 12n o” # 07' P 0 On*%h] 12n Onfg #
( 00" 12n on #)mfl (O’L 0 Onfhtj 12n on—J #)mfl

Oi-HC p 0 0n—i+j—k:+l 12n On—j—l # L
(OiJrk 0 0n7i+j*k+l 12n Onfjfl #)mfl M 4df

F i

Let us consider the computation of M for the input array A" =
(0n+1—k+l12n0n—l)

% 0 0n—k+l 12n On—l #

Oi P 0 On—i+j—k+l 12n On—j—l #
( 0 On—k-‘rl 12n On—l #)mfl 1

'_7\4 (Oz 0 0n—i+j—k+l 12n On—j—l #)mfl >Ik\/[ Qf
But this implies that A’ € L. Since, n + % +n—1=2n-— # # 2n implies
A" ¢ L, we arrive at a contradiction.

The 2_DRCRA7 M = ({qu q1, 92,93, q4}a {Oa l}a 6a Aa q0, {q4})a where § =

{900 — q1, 11 — q2,320 — 3,931 — G2, @3# — 4,940 — g3} and A = {q10 —
41,921 — ¢2,q30 — g3} accepts the language L.

Theorem 4. (i) The family £(2-DLCRA) is properly included in £(2-NLCRA)
(ii) The family £(2-DRCRA) is properly included in £(2-NRCRA)



Two-Dimensional Input-Revolving Automata 157

(#ii) The family £(2-DBCRA) is properly included in £(2-NBCRA)
(iv) The family £(2-DRCRA) is properly included in £(2-DBCRA)

(v) The family £(2-NRCRA) is properly included in £(2-NBCRA)
(vi) The family £(2-DLCRA) is properly included in £(2-DBCRA)
(vii) The family £(2-NLCRA) is properly included in £(2-NBCRA)

Proof. All inclusions are trivial. From Theorem 1, 3 a language not accepted by
any 2-NRCRA and hence also by any 2-DRCRA. But, as seen in Example 2 it is
accepted by some 2-DLCRA and hence by some 2-DBCRA and 2-NBCRA. This
proves (iv) and (v). By Theorem 2, 3 a language not accepted by any 2-DBCRA
and hence by any 2-DLCRA, 2-DRCRA but is accepted by 2-NRCRA, and hence
by some 2-NBCRA. This proves (ii) and (iii). By Theorem3 3 a language not
accepted by any 2-NLCRA and hence by any 2-DLCRA but is accepted by some
2-DRCRA and hence by 2-DBCRA and 2-NBCRA. This proves (vi) and (vii).

To prove strict inclusion of (i), we consider the language L from Example 2.
Let L' = LU (L O L"), where L"” = {Y,, © {o, Y }**}. Clearly L’ is accepted by
some 2-NLCRA. But L’ is not accepted by any 2-DLCRA. We prove this by
contradiction. Let us assume that there is a 2-DLCRA, M = (Q, X,6, A, qo, F)
with |Q] = t. We consider an input array A = (e2"X e Y"e?"), € L' with
n > t. During the computation on the first row some state, say p € () appears
at least twice due to our choice of n, let the first appearance be after i normal
moves and j left column-revolving moves and the second appearance be after k
normal moves and [ left column-revolving moves, with 0 < ¢,j,k,l < n, k+1 > 0.
Since M is deterministic we have,

qo ® .277,71 X .Qn Yy .2n # . ot pe o2n—1—i+j X .2n y» e2n—J #
( o o271 X 021 YY" 021 #)mfl M (.i o ¢2n—1—i+j X o2n Yn o2n—J #)mfl

F-‘r .i+k pe .Qn—l—i—i-j—k-l-l X .Qn yn .Qn—j—l # .
M (gith o g2n—l=iti—k+l y ¢2n ymn g2n—j—l ) . "M as

We find that there exists an accepting configuration for the input array A" =
(o2n—ktl X o2 Yme2n—l)  such that,

qGo ® .2n—1—k+l X 02" yn .2n—l #
( ° .2n717k+l X ‘2n y”» .2n7l #)m—l

.i pe .2n—1—i+j—k:+l X .2n yn .2n—j—l # .
(of o o2n—1=iti—ktl X o2 ym g2n—j—l gy vy

*
FJV[

But this implies that £ = [. Since [ + k > 0, we derive at [ > 0. Since, M is
deterministic, the accepting computation for the input array A” = (2" X e2"),,
is,
qo ® .2n—1 X .271 # " .i pe .2n—1—i+j X .Qn—j #
( o o2n—1 X o2n #)m—l M (.1’, o o2n—1—itj X o2n—J #)m—l
.i+k pe .2n—1—i+j—k+l X .2n—j—l # |_* ,
(oiFh o @2n—Ll=iti—htl X g2n—j=l 4) M 4df

m—1

o
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where q} € . We can also obtain an accepting configuration for the input array
A" = (e2n—ktl X o2n=l) - as follows,

qo ® .2n717k+l X .2n7l #
( ° .2n717k+l X .2n7l #)m71

}_* .’L: pe .2n7172j+]:7k+l X .2717]:71 # |_* ,

M (.7, ° .2n7177,+j7k+l X .277.7_771 #)m71 M qf
Since we have | = k and [ > 0, the array A”" ¢ L’, which is a contradiction.
Hence this proves (i). O

Theorem 5. (i) The family £(2-DLCRA) is incomparable with £(2-DRCRA)
(ii) The family £(2-DLCRA) is incomparable with £(2-NRCRA)

(iii) The family £(2-NLCRA) is incomparable with £(2-NRCRA)

(iv) The family £(2-NLCRA) is incomparable with £(2-DRCRA)
(v) The family £(2-NLCRA) is incomparable with £(2-DBCRA)

(vi) The family £(2-NRCRA) is incomparable with £(2-DBCRA)

Proof. Follows from the proof of Theorem 4. O

5 Comparison with Siromoney Matrix Languages

In this section we give the comparison of the family of languages accepted by all
the variants of 2-NCRFA with the family of Siromoney matrix languages. Here
we consider RML? to be the transposition of RML.

Theorem 6. £(RMLT) = £(2-DCIRA) = £(2-NCIRA)

Proof. The transposition of any regular matrix language is accepted by a return-
ing finite automaton (RFA), as can be seen in [3], which can be viewed as a 2-
DCIRA where A = () and which is also a particular 2-NCIRA. Hence it remains
to prove that any 2-NCIRA accepts a regular matrix language.

While we consider a 2-NCIRA, during the application of A rules, the automa-
ton performs a circular-column-interchanging operation and it interchanges the
column of the currently read symbol of the input array with the last column. So,
once the last letter of the current reading row is known, a simulating automa-
ton can remember the current last symbol of the row in its finite control to act
correctly. Also we see that, initially the last symbol in the current row of the
input can be guessed and finally, it can also be verified. Thus during the accep-
tance of any input array it can be easily seen that every row as well as column
is regular. This simply corresponds with the definition of right-linear matrix
grammars, where the vertical string of intermediate symbols are generated by
using right-linear grammar rules followed by horizontal generation in parallel
using right-linear grammar rules, yielding the regular matrix language. Hence
any 2-NCIRA accepts a regular matrix language. O

Theorem 7. 1. £(2-NLCRA) and £(CFML) are incomparable.
2. £(2-NRCRA) and £(CFML) are incomparable.
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Proof. To Prove: £(2-NLCRA) — £(CFML) # () and £(2-NRCRA) — £(CFML)
# (). Consider the language,

X1
L=¢X= 1 €{0,1,2}*
Xm

This language can be generated by any 2-NLCRA and 2-NRCRA, as can be
seen in Example 1. But L ¢ £CFML. Hence, £(2-NLCRA) — £CFML # () and
£(2-NRCRA) — £(CFML) # (.

To prove: £(CFML) — £(2-NLCRA) # 0 and £(CFML) — £(2-NRCRA)

xXmymxynr xn
# (). Consider the language, L' = ¢ (X™ o™ X " X™); |n,m,i>1,. L' €
XxXmymxynrXxn
£(CFML), as can be seen in [12], the vertical string of intermediate symbols can
be generated by using right-linear grammar rules followed vertical generation in
parallel using context-free grammar rules.

However, this language cannot be generated by any 2-NBCRA. We prove this
by the method of contradiction. Let us assume that the language is accepted by
some 2-NBCRA, M = (Q, X,6, A, qo, F) with |Q| = ¢t and no (useless) loops.

XnJrl Yn+1 Xynr X»
Let A = (X"*! ol X " X™); with n > 2,7 > 0 and n > ¢ be the input
Xn+1 Yn+1 Xynr xn
given to the automaton. By the pigeon hole principle, there exists a state, say p
which appears at least twice during the computation on first row. Let the first
occurrence of state p be reached in 7 steps which involves j normal transition,
l1 left column-revolving transition and r; right column-revolving transition,

each X;’s are of size 1 x n and
|Xz|0 = ‘X,L|1 = |XZ“2,V Z: 1,2,...,7’77,

9 X Xn Yn+1 X Yn Xn # X] pX Xn7j+llf'r1 Y'n+1 X Yn Xn7l1+r1 #
( X X" .n+1 X o" X" #)z '_*J:VI (Xg XX7L7j+llfr1 .n+1 X o" anl1+r1 #)1
X X" YnJrl Xy" xn» # Xj X Xn—j+l1—7"1 Yn+1 Xyn Xn—l1+r1 #

Let the second occurrence of state p be reached in s steps which involves k nor-
mal transition, ls left column-revolving transition and r, right column-revolving
transition,

Xj pX anj+llfr1 Yn+1 xXy» Xn7l1+r1 #
(Xj X Xn7j+l17r1 .n+1 X o™ Xn7l1+r1 #)’L }_7\/[
Xj X Xn—j+l1—r1 Yn+1 xXyn» Xn—l1+r1 #
Xj+k pX Xn7j7k+llfr1+l27r2 Yn+1 xXyn Xn7l1+r1712+r2 #
(Xj+k X Xn—j—k+l1—r1+l2—r2 .n+1 X o Xn—l1+r1—l2+r2 #)1
XJitk  x xn—j—kthi—ritle—ry yntl xy yn yn—litri—la—r2 #
Since the considered array A is in the language L, the computation reaches the
accepting state, say ¢y € @ i.e.,
XjJrk P X Xn7j7k+l17r1+l27'r2 YTLJrl X Y’n anll+'r17l2+r2 #

(Xj+k X Xn—i—ktli—ritla—ry gnt+l x gn  ym—lit+ri—la+rs #)z '_?\4 s
Xj+k X Xn—j—k+l1—7"1+l2—r2 Yn+1 xXyn Xn—l1+r1—l2—r2 # ’
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We find that Iy — ro = 0. Otherwise, the computation

9 X Xn—k—‘rlg—?"g Yn+1 xXy» Xn—l2+r2 #
(X Xn—k—i—lg—rl .n+1 X o™ X7L—lg+r2 #)z }_}k\/[
X Xn—j—i—ll—rl yrt+l x yn» Xn—ll+r1 #
X7 p X Xn—i—kth—ritle—r2 ynt+l x yn yn—lit+ri—la+rs 4
(X_] X Xn—_]:—:+§1—7‘1+§2—rz ont1 X o™ Xn—jl—i-rl—ig-‘rm #)z '_}k\l qr
XJ X Xn—i—kthi-ritla—ry ynt+l x yn xn—litri—la—r2 #

Xn—i—l—k-i—lg—rz Yn+1 xXyn» Xn—l2+r2

accepts the array A’ = (X1 =htl—r2 gntl X on xn—lztr2), ¢ [/ For same
Xn+17k+lgfr2 Yn+1 xXyn Xn7l2+r2

reason we also find that I — ro — kK = 0 which implies £k = 0. But this is a
contradiction to our assumption because it follows either that »r = s or M loops.
This implies L’ is not accepted by any 2-NBCRA and hence by any 2-NLCRA
and 2-NRCRA. Hence, £(CFML) — £(2-NLCRA) # § and £(CFML) — £(2-
NRCRA) # 0. 0

6 Closure Properties

In this section we discuss the closure properties of the family of languages
accepted by any 2-DCIRA, 2-DLCRA, 2-DRCRA and 2-DBCRA.

Theorem 8. £(2-DCIRA) is closed under complementation and union.

Proof. From [14], RML is closed under complementation and union. By Theo-
rem 6, this theorem is proved. O

Theorem 9. £(2-DLCRA), £(2-DRCRA) and £(2-DBCRA) are not closed
under complementation.

Proof. Consider the language,

X1
L={X= : e{01}*
Xm

each X;’s are of size 1 x n and
| Xilo =X,V 1=1,2,...,m

By Theorem 2, the language L = {{0,1}**|3 at least one row in which no. of
0s and 1s are not equal} is not accepted by any 2-DBCRA and hence by any
2-DLCRA and 2-DRCRA. But by Examplel, we see that the language L is
accepted by some 2-DBCRA and hence by some 2-DLCRA and 2-DRCRA. O

Theorem 10. £(2-DLCRA), £(2-DRCRA) and £(2-DBCRA) are not closed
under union.
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Proof. Consider the languages,
Xy
Xm

each X;’s are of size 1 x n and
| Xilo = |Xil1,V i=1,2,...,m

and Lo = {0}**. The language Ly can be accepted by a 2-DBCRA, as can be
seen in Example 1. Ly can be accepted by a 2-DBCRA, M = ({qo}, {0}, {q00 —
40, Go# — q0},0,0,q0,{qo}). By the same reasoning as in the proof of Theorem 9
we can show that L; U Ls is not accepted by any 2-DBCRA and hence by any
2-DLCRA and 2-DRCRA. a

Theorem 11. £(2-DCIRA) is closed under column catenation, but not under
row catenation.

Proof. From [14], RML is closed under column catenation, but not under row
catenation. By Theorem 6, this theorem is proved. a

Theorem 12. £(2-DLCRA), £(2-DRCRA) and £(2-DBCRA) are neither
closed under column catenation nor row catenation.

xXmym X
Proof. Consider the languages, Ly = ¢ (X™ .™ X);
XxXmymX

m,i>13 and Ly =

Yy Xx»
(™ X™); | n,i >1 ;. Both the languages Ly and Ly belong to £(2-DLCRA).
yn Xn
Xmymxynr Xn
But the column catenation, L1 © Ly = ¢ (X™ ™ X ™ X™),
Xmymxynrxn
does not belong to £(2-DBCRA), as seen in proof of Theorem 7. This proves
that £(2-DLCRA) and £(2-DBCRA) are not closed under column catenation.
If we consider the language,

n,m,t>1

X1
Ly=<X= 1 €{0,1}*
Xm

ecach X;’s are of size 1 x n and
1 Xilo = | X1,V i=1,2,...,m

belonging to £(2-DLCRA) and also £(2-DRCRA), it is clear that Lz © Lo
does not even belong to £(2-DBCRA), because the columns shuffling involved
during the simulation of the automaton accepting Lo makes the simulation of
the automaton accepting Lz impossible. This proves that £(2-DLCRA), £(2-
DRCRA) and £(2-DBCRA) is not closed under row catenation.

Now we consider the language,

2X1
Ly=¢X= 1 €{0,1,2}*
2X.,

ecach X;’s are of size 1 x n and
| Xilo = [Xil1,V i=1,2,...,m
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Clearly, the languages L3 and L4 belong to 2-DRCRA, but the language L © Lo
does not belong to 2-DRCRA (can be proved by a similar argument as in
Theorem 1). Hence £(2-DRCRA) are not closed under column catenation.

Theorem 13. £(2-DCIRA) is closed under column Kleene star, but not under
row Kleene star.

Proof. The proof follows from Theorem 11. O

Theorem 14. £(2-DLCRA), £(2-DRCRA) and £(2-DBCRA) are neither
closed under column Kleene star nor row Kleene star.

Proof. The proof follows from Theorem 12. O
Theorem 15. £(2-DCRFA) is not closed under quarter turn and transpose.

Proof. For £(2-DCIRA) the properties are true, from [14] and Theorem 6.
Consider the language,
o o Xi = ai1a;2 ... Gin
L) = {X m i O X = 1XiY i=1.2,....m
guage can be generated by some 2-DBCRA, and hence by some 2-DLCRA and
2-DRCRA as can be seen in Example 1. Let us represent the quarter turn of this
language by L2T and we have,

. This lan-

(251
LOT = {X_Xm...x1 e {0, 1} X; = 1 ,[Xio = |Xi|1,Vi—1,2,...,m}.

Qin

This language cannot be generated by any 2-DCRFA, because no such automa-
ton can accept the input X from LPT with the condition |X;|o = |X;|1,V i =
1,2,...,k. This proves that £(2-DBCRA) is not closed under quarter turn.

Let us represent the transpose of the language L by LT and we have, LT =

{X:XIXm 6{071}**|Xz: ,‘X1|0:|X1‘1,VZ=1,2,,7’T7, Bythe
same argument as discussed for LT, we see that there is no 2-DCRFA to accept
LT, This proves that £(2-DBCRA) is not closed under transpose. 0

Theorem 16. £(2-DCRFA) is closed under half turn, reflection on rightmost
vertical and reflection on base.

Proof. For £(2-DCIRA) the property is true, from [14] and Theorem 6. We shall
give the proof for £(2-DRCRA) and reflection about the rightmost vertical,
proof being similar for the rest of the cases. Let M = (Q, X, 4, A, qo, F') be a 2-
DRCRA that accepts the language L = L(M). We now construct a 2-DRCRA,
M’ that accepts the language obtained by taking reflection on the rightmost
vertical of L represented by LFE. M’ = (Q U {¢h}, X,0', A, g}, F'), where §' =
dU{gy —qlp# —qedtU{p—q|pecQtU{eg—pl|lqec FpcQ}
and F' = {q | q — q,q1 — q2,--,@n-1 — qn,@u# — q € §&'}. Clearly,
L(M') = LT5. O
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7 Application

One of the applications of this newly constructed automata is in the field of
steganography [6]. Steganography is the art and science of hiding information
by embedding messages within others. This hidden information can be plain text,
cipher text, or even images. Steganographic communications hide often in plain
sight, whereas encrypted communications in Cryptography are very obvious of
the fact that they are sending secrets.

Here we consider hiding text messages behind some pictures which can be
retrieved only by giving them as input in the newly constructed automata and
arriving at the final configuration. For example, let us consider the 2-DRCRA

221010 TOOSHI
automaton from Examplel and an array 21 0102. Let I OO A S O be the
012102 ESTECR
scrambled hidden message behind the array A. Now to get the proper hidden
OTHTI SO
message 0 I S 00 A O, the array A is given as the input to the automaton and
SECRET
an accepting configuration has to be reached. The working of this automaton on
array A along with the hidden message is as follows:

02210104 ITHSOO
210102 # Or1rsAQ00O
012102 # RECEST

'_*
0120124 SOIOHT

0102201 # A00OOS I
100221 # ESRTCE

'_*
122100 # OTIHSO
0120124 Oros A0
qG0010212# SERCET
'_*
THIS
do Is A
SECRET

8 Conclusion

It is worth examining the decidability results (non-emptiness, membership,
finiteness, etc.) of these automata and explore their further applications in char-
acter recognition and floor designs. Construction of two-dimensional automaton
which involves both column-revolving and row-revolving can also be studied.
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