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Abstract

In this paper, we investigate multi-dimensional computational model, k-neighborhood template A-type
three-dimensional bounded cellular acceptor on four-dimensional tapes, and discuss some basic properties. This
model consists of a pair of a converter and a configuration-reader. The former converts the given four-dimensional
tape to three-dimensional configuration. The latter determines whether or not the derived three-dimensional
configuration is accepted, and concludes the acceptance or non-acceptance of given four-dimensional tape. We
mainly investigate some open problems about k-neighborhood template 4-type three-dimensional bounded cellular

acceptor on four-dimensional tapes whose configuration-readers are L(m)
(nondeterministic) three-dimensional Turing machines.

space-bounded deterministic
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1. Introduction

Due to the advances in many application areas such
as computer animation, dynamic image processing, and
so on, the study of four-dimensional pattern processing
has been of crucial importance. Thus, the study of
four-dimensional automata as the computational models
of four-dimensional pattern processing has been
meaningful. From this point of view, we first proposed
four-dimensional automata as computational models of
four-dimensional pattern processing in 2002, and
investigated their several accepting powers[2]. By the

way, in the multi-dimensional pattern processing,
designers often use a strategy whereby features are
extracted by projecting high-dimensional space on
low-dimensional space. So, from this viewpoint, we
introduce a new computational model, k-neighborhood
template A-type three-dimensional bounded -cellular
acceptor (abbreviated as A-3BCA(k)) on
four-dimensional tapes, and discuss some basic
properties[3]. An A-3BCA(k) consists of a pair of a
converter and a configuration-reader. The former
the given tape to
three-dimensional configuration. The latter determines

converts four-dimensional

Published by Atlantis Press
Copyright: the authors

268



Makoto Nagatomo, Makoto Sakamoto, Hikaru Susaki, Tuo Zhang, Satoshi Ikeda, Hiroshi Furutani, Tsutomu Ito, Takao Ito, Yasuo Uchida, Tsunehiro

Yoshinaga

whether or not the derived three-dimensional
configuration is accepted, and concludes the acceptance
or non-acceptance of given four-dimensional tape.
When an input four-dimensional tape is presented to the
A-3BCA(k), a three-dimensional cellular automaton as
the converter first reads it to the future direction at unit
speed (i.e., one three-dimensional rectangular array per
unit time). From this process, the four-dimensional tape
is converted to a configuration of the converter which is
a state matrix of a three-dimensional cellular automaton.
Second, three-dimensional automaton as the
configuration-reader reads the configuration and
determines its acceptance. We say that an input
four-dimensional tape is accepted by the A-3BCA(k) if
and only if the configuration is accepted by the
configuration-reader. Therefore, the accepting power of
the A4-3BCA(k) depends on how to combine the
converter and the configuration-reader. An 4-3DBCA(k)
(A-3NBCA(k)) is called a k-neighborhood template
A-type three-dimensional deterministic bounded cellular
acceptor (k-neighborhood template A-type
three-dimensional nondeterministic bounded cellular
acceptor). This paper mainly investigates some open
problems about accepting powers of A-3DBCA(k)’s
whose configuration-readers are L(m) space-bounded
deterministic ~ (nondeterministic)  three-dimensional
Turing machines[1].

2. Preliminaries

Definition 2.1. Let = be a finite set of symbols. A
three-dimensional tape over 2 is a four-dimensional
rectangular array of elements of 2 . The set of all
four-dimensional tapes over 2 s denoted by IC
Given a tgpe x€X @ , for each integerj(lsj§4), we
let " ( be the length of X along the j-th axis. The
set of all X€2 with [,(x)=m,, L(x)=m,, l(x)=m;, and
Iix)=m4 denoted by =™ ™™e™) If1 <i<lj(x) for
each J(1=J 34), let x(iy,i,i3,l4) denote the symbol in

X with coordinates (iy,i,,i3,i4). Furthermore, we define

Mnsinisia) (it in s is)], when 10 <F=L0) g
each integer jasjs 4), as the four-dimensional tape y
satisfying the following (i) and (ii):

6] foreach j(1<j<4), [(y)=i"-i+1;

(i1) for each 1y, 1y, 13, (1< <[1 (), 1<r<Dh(y),
1S <hy), 1=Sn<LO), v, 1, 13, 1e) =
x(ri+i-1, ryti-1, rstis-1, rytig-1). (We call
x[(ir, by 13, 84)s (1 025 13, ©4)] X[(i1, D, I3, L4),
(1,179, 13, 14)]-segment of x.);

We now introduce a k-neighborhood template A-type
three-dimensional bounded cellular acceptor
(4-3BCA(k)), which is a main object of discussion in
this paper.

Definition 2.2. Let 4 be the class of an automaton

moving on a three-dimensional configuration. Then, an

A-3BCA(k) M is defined by the 2-tuple M=(R,B). R and

B are said to be a converter and a configuration-reader

in view of its property, respectively.

(1) R is a three-dimensional infinite array consists of
the same finite state machines and is defined by the
6-tulpe M =(ZZ, NLK, 2, o, qo), where
@  Z is the set of all integer, and the finite state

machines are assigned to each point of

Z*(=ZxZxZ). The finite state machine situated

at coordinates (i,j,k) € Z’ is called the

(i,j,k)-th cell and denoted by A(i,j,k),

N’( S Z%) represents the neighborhood

template of each cell and N° = {(ijk) |

—1<ijk<l},

K is a finite set of states of each cell and

contains ¢gux(the boundary state) and g, (the

initial state),

Y is a finite set of input symbols (#€ X is

the boundary symbol),

0K x (U {#}) —28 is the cell state

transition function. Let q,;,(f) be the state of

the A(i,j,k) at time ¢. Then

i@+ € 0 (Grrire1(Ds  Giriw1 @), i,

Gijri1 (D Gijk1(®s Gijerxa®s Gisrjrxa(Ds Givrjaa (D),

Gir1jo110s  Grr i@ Qi) G k(D) gijaild),

9iji0s Qi i@y G i), Gisjil(D, G e,

Girj1ie1(Ds Girjir1(Ds Girjerie1 @y Gijran (D Gijan (D),

Gijr1i+1(Ds Gt j1 1Dy Qi jas1 (), i jo1,441(0), @),

wher a is the symbol on the A(7,j,k) at time ¢. If g;;(?) =

qs, however, g;;(t+1) = {q4} for each (ij k) € Z* and

eacht = 0.

(2) A set of input symbols of B is K— {gs} (where B
€ A). Intuitively, M=(R,B) moves as follows, given
a four-dimensional input tape x € X "7273m9)
(my, my,mz,mgy = 1) (x is surrounded by the
boundary symbol #). First, each cell A(i,j,k) of
R(1<i<m,, 1<j<m,, 1<k<mj3) reads each symbol
on the first three-dimensional rectangular array
x(i,j,k 1) in the initial state go, and all of the other
cells read the boundary symbols #’s in the
boundary state g.’s at time =0. Starting from this

@
®
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condition, R keeps reading x according to the cell
state transition function, and moving down the cell
array by one three-dimensional rectangular array,
every time R reads one three-dimensional
rectangular array all. Next, B starts to move
regarding a three-dimensional configuration of R
just after R finished reading x as a
three-dimensional input tape and determines
whether or not can accept the configuration. If B
accepts it, x is said to be accepted by M. Let T(M)
be the set of all accepted three-dimensional tape by
M.

Definition 2.3. An 4-3BCA in Dfinition 2.2 is called a
27-neighborhood template 4-3BCA. If we deal with
east, west, south, north, up, down neighboring cells and
remarkable cell, we call it 7-neighborhood template
A-3BCA. If we deal with only remarkable cell, we call it
1-neighborhood template 4-3BCA. From now on, we
denote k-neighborhood template A-3BCA by A-3BCA(k)
(ke {1,7,27}) .

Definition 2.4. If the image generated by o in
Definitions 2.2 and 2.3 is a singleton, the converter is
said to be deterministic, and if not, it is said to be
nondeterministic. An A-3BCA(k) (k< {1,7,27}), which
converter is deterministic (nondeterministic), is said to
be a deterministic (nondeterministic). A-3BCA(k) and
denoted by A-3DBCA(k) (A-3NBCA(k)).
We now consider the class of three-dimensional
automata described by the following abbreviations as
the class of the configuration-reader of A-3BCA(k) 4. In
this paper, we assume that the reader is familiar with the
definition of these automata. If necessary, see[2].
3-DTM(L(m)) -+ The class of L(m) space-bounded
deterministic three-dimensional Turing machine
3-NTM(L(m)) --- The class of L(m) space-bounded
nondeterministic three-dimensional Turing machine
DO+ The class of deterministic
three-dimensional on-line tessellation acceptor

DB The class of
deterministic  two-dimensional  bounded cellular
acceptor
For example 3-DTM(L(m))-3DBCA(27) represents

such the class as its converter is deterministic and
27-neighborhood, and its configuration-reader is an
L(m) space-bounded deterministic three-dimensional
Turing machine. Moreover, for any 4 € {3-DTM(L(m)),

Some properties of k-neighborhood

3-NTM(L(m))}, for any X< {D, N} and for any k€< {1,7,
27}, the class of set of all four-dimensional tapes
accepted by 4-3XBCA(k) is denoted by L[4-3XBCA(k)].
We let each side-length of each input tape of these
automata be equivalent in order to increase the
theoretical interest.

3. Main results

In this section, we discuss some properties of
A-3BCA(k)’s whose configuration-readers are L(m)
space-bounded deterministic (nondeterministic)
three-dimensional Turing machines.

First, we show that a relationship between determinism
and nondeterminism, when we use L(m) space-bounded
three-dimensional Turing machines for any L(m) > m’
as the configuration-readers.

Theorem 3.1. For any X e {DN},
L[3-XTM(m®)-3DBCA(1)]= L
[3-XTM(m*)-3NBCA(1)].

Proof: From above definition, it is obvious that

L[3-XTM(m’)-3DBCA(1)] c
L[3-XTM(m*)-3DBCA(1)]. We below show that
L[3-XTM*(m’)-3NBCA(1)] c

L[3-DTM(m*)-3DBCA(1)] (we can prove another case
(i. e., X=N) in the same way).

Now, let M=(R,B) (R=2*, N*. K, 2, 0,qy), B=(K,
Q, =, T, &, po F)) be some 3-DTM(m*)-3NBCA(1).
Then, we consider an M’=(R’,B’) (R’=(Z*, N°, K’, 2,
0’,q),B=K’,Q, X, ', §°,po,F’)) constructed as
follows.

(1) Construction of R’
@ K=2%19D U {g4}, qo’={qo}.
@ Foranya ¢ X andanyK” e K’-{qu},
o’K”,a)= U o(p,a).
(2) Construction of B’ =
For any peQ and any K’ e K’-{qy},
50 K= U 5@,

Intuitively, we explain the movement of M’=(R’, B’)
constructed in this way. Let us suppose that a
four-dimensional tape xe X“" is given to M’. R’ is
one-neighborhood, so we can consider each cell of R as
usual one-dimensional finite automata. Then, each cell
of R’ moves to store all states that each corresponding
cell of R can enter in each state at each time by using
the well-known subset construction method (see (1)).

B’ nondeterministically chooses only one state from
each state of each cell of R’, and simulates the
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movement of B regarding the selected states as the input
symbol. If B’ can not accept the input, B’ selects the
next input and simulates the movement of B. From the
way such as the above manner, B’ checks the all input
patterns, and if B* can accept one input, B’ can accept
the configuration of R’ (see (2)).

It is clear that T(M*)=T(M) for M’=(R’,B’) constructed
in this
U]

manner.

Next, we show that there exists a language accepted by
a 3-DTM(0)-3NBCA(1), but not accepted by any
3-NTM(L(m))-3DBCA(27) for any L(m)) = o(Log m).

Theorem 3.2. For any function L(m)= o(Log m),
L[3-DTM(0)-3NBCA(1)]-£[3-NTM(L(m))-3DBCA(27)
1= o.

Proof: Let C={w2w2- 2wy | k = 1 & ¥ i(0<i<k)
[wief{0,1}] & 3 J(0<j<k ) [we=w; ']} (where, for any
one-dimensional tape w, w' denotes the reversal of w),
and T1={xe {0,1,2} 7| 3m>3[0,(x)=0,(x)=05(x)=04(x)
=m & x[(1,1,m,m), (1,m,m,m)] C]}. Then, by using a
technique similar to that in the proof of Lemma 2(1)
in [4], we can show that 7) is accepted by
3-DTM(0)-3NBCA(1), but not accepted by any
3-NTM(L(m))-3DBCA(27) for any L(m))= o(Log m).
U]

Corollary 3.1. For any L(m) = o(log m) and any X e
{D,N}, L[3-XTM(L(m))-3DBCA(1)] G
L[3-XTM(L(m))-3NBCA(1)].

Remark 3.1. By using a technique to that in the proof
of Theorem 3 in [4], we can show that for any function
L(m) and any ke {7,27}, L[3-XTM(L(m))-3DBCA(k)]
CL[3-XTM(L(m))-3NBCA(k)].

Finally, by using the well-known technique, we can
show that there exists a language accepted by a
DO-3NBCA(1) and a DB-3NBCA(1), but not accepted
by any 3-DTM(L(m)) — 3DBCA(27) for any function L
(m) = o(log m).

Theorem 3.3. For any function L(m) = o(logm), (£
[DO-3NBCA(1)] N L[DB-3NBCA(1)])-
L[3-DTM(L(m))-3DBCAQ2T)] # ¢ .

4. Conclusion

We conclude this paper by giving the following
problem. For any Xe {D,N} and any L(m) (log m<
L(m) and L(m) = o(m?)), LLIXTM(L(m)) — 3DBCA(1)] &
LIXTM(L(m)) -3NBCA(1)]?
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