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1. Introduction

In this paper small deterministic Turing machines with one bi-infinite tape and
one scanning head are considered. Let DTM(m,n) denote the class of all such ma-
chines with m tape symbols (including the blank) and »n states (excluding the halting
state). It is known that there exist universal Turing machines in DTM(5,6) [10] and
in DTM(4,7) [4]. It is also known that the halting problem for all machines from
DTM(1,n) and DTM(m,1) is decidable. The first fact is trivial whereas the second
one has been shown in [2]. In [4,5] it is mentioned that the halting problem for
DTM(2,2) is decidable too; however without giving any proof and stating only [5]
that this result is unpublished and unpublishable. In such a state it remained since
1961 or 1972, respectively, until 1988. By a reduction to few cases it was possible to
solve the problem and bring it into a publishable form. A first version can be found
in [1]. At that time the results from 1975 [6] stating the halting problem to be decid-
able for DTM(2,2) and DTM(2,3) have not been known to the authors. In that paper
a completely different method was used. Neither were known the results by [7] stat-
ing that there are universal Turing machines in DTM(2,24), DTM(3,11), DTM(5,5),
DTM(6,4), DTM(10,3), and DTM(21,2). All these results were only little known in
Western countries before 1991.

It is also shown that the sets accepted by machines from DTM(2,1) are regular,
and that those accepted by machines from DTM(3,1) are regular too, except one case
giving a deterministic linear context-free language which is essentially the nonregular
language L = {a"b" |1 <n}.

The languages accepted by machines from DTM(2,2) are also regular, except one
case (up to symmetries) giving essentially the same language as in the exceptional case
of DTM(3,1), namely a deterministic linear context-free language. Thus, the halting
problem is decidable for DTM(2,2). To obtain this result several symmetries are used
to reduce the number of machines to consider. Finally, also a machine from DTM(4,4)
is presented accepting a context-sensitive language, essentially L = {a* |k = 2",0<n}.

* E-mail: kudlek@informatik.uni-hamburg.de.

0304-3975/96/$15.00 © 1996 — Elsevier Science B.V. All rights reserved
PII S0304-3975(96)00078-3


https://core.ac.uk/display/82554442?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

242 M. Kudlek | Theoretical Computer Science 168 (1996) 241-255

Possibly, similar methods can be applied also to DTM(3,2), DTM(2,3), and perhaps
to DTM(3,3). But for the last case, probably the aid of an automatic system should
be used.

2. Definitions

Let 7 be any Turing machine with one bi-infinite tape, one scanning head, an alpha-
bet ¥ of m symbols including the blank, and a set S of n states (excluding the halting
state H). The set of movements is given by {L,M,R}, standing for movement to the
left, no movement, and movement to the right, respectively. The set of instructions,
or program P of T, is denoted by PCS x V x V x {L,M,R} x §, with its elements
(p,x, y,1,q) written in the form pxylg. For shortness, y,Lgif y=x, I =M,q = p, is
omitted, respectively. If the halting state H appears, this is always understood as pxH,
i.e. pxxMH. If T is a deterministic Turing machine P represents a (total) function.

The class of all such deterministic Turing machines will be denoted by DTM (m, n).
Only such machines will be considered here.

As usual, V* denotes the free monoid generated by ¥, 4 its neutral element (the
empty word), Ig(w) the length of a word weV*, are rev(w) its reversal (mirror image).

Let ®V and V> stand for the set of all left-infinite and right-infinite words over
V, respectively.

A configuration of T is any bi-infinite word a(’;)ﬁ € @V -(V xS8)- V> denoting the
fact that the head is scanning x and T is in state p. As usually, a(;)ﬂ 5 y(;)é means

that there exists a finite sequence of Turing steps from oc(;) B to y(g )é, including 0
steps and g=H. It is assumed that there is no continuation of any configuration y(},)8.
Finally, let N; denote the set N, := {ie N |0<i<k}.
As for acceptance, there exist several possibilities to define sets of words accepted
by Turing machines. The first one just gives the set of all such bi-infinite words being
configurations which lead to acceptance.

Definition 1. Loo(T, p) := {(¥)B€ V- (V' xS5)-V* | ye =V BeV=IyeV : a(%)B
= 9(})9}

A second possibility is the use of the work space for acceptance. Note, that by this
definition one gets only context-sensitive languages.

Definition 2.

L«(T,p)
= {u<;>v€V* (VXS) y* |3k€NVi€Nk3ui,viEV*3xie VEp,-ES:
w=uAvg=vAxg=xA po=pA pr =H NIg(uv;) = lIg(uv)
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AVieN; — {k} : (Pi #HA ui<xl.) Ui — Uit (Xi+1)vi+1)
pi Di+1
/\EjeNk:ujzl/\EileNk:w:/l}.

Thus, lg(uv)+ 1 is exactly the work space for accepting u(})v, and this word is the
relevant part of the initial configuration being scanned by the head.
From this definition trivially follows that

Lemma 1. L (T,p) = V- L(T,p)- V.

A third possibility is not to look onto the relevant part of one initial configuration
only but to consider them in some global sense, namely that if w is a word of the set
then no proper subword of it is also contained in the set.

Definition 3.

L(T,p) := {u(;)ve V¥ . (V x8)-V*|Vage ®VVEeV™:

““(;) WBELlT,p) A(u=yu' =3y €V : il ¢ L(T.p))

ANv=vz=3F'ecV v ¢LC(T,P))} .

This set is called the core of Lo (T, p). Trivially again, it follows that
Lemma 2. L, (T,p) = V- LAT,p) - V.

Finally, the normal definition of an accepted set can be defined by cutting off all 0’s
at left and right ends from words in L(T, p).

Definition 4. Lo(T,p) = {0}*\L(T, p)/{0}*

In the sequel it is assumed that ¥ =N; — {k}, and that O represents the blank. It is
easy to establish the following lemmas.

Lemma 3. If there is no occurrence of pxH in the set of instructions of a Turing
machine T, then Loo(T,p) = Ly(T, p) = L.(T,p) = Lo(T, p) = 0.

Lemma 4. For deterministic Turing machines it suffices that there is at most 1
occurrence of halting gxH in the set of instructions.

Proof. Among all occurrences of halting in P choose one, e.g. gxH. Replace all
other pyH by pyxMgq. Then it is trivial to see that the accepted languages remain the
same. [J
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Definition 5. Let T = (S, ¥, P) be any deterministic Turing machine. Let 7: S — S be
any permutation of the set of states S,0 : V' — V' be any permutation of the alphabet
V, and u: {L,M,R} — {L,M,R} be defined by pu(L) =R, u(M)=M, pu(R)=L.

Then define also n(T) := (S, V,n(P)) with n(p)xyln(q) € n(P) & pxylg € P,
o(T) := (S, V,0(PP) with po(x)o(y)lg € a(P) & pxylge P, and w(T) := (S, V, u(P))
with pxyu(l)g € u(P) < pxylgeP.

By the next lemma all Turing machines with movements of the head in one direction
only can be eliminated from further consideration.

Lemma S. Let T be any DTM with movements only {M,R} or {L,M} in the set of
instructions, respectively. Then L{(T,p) is regular.

Proof. Let the movements be {M,R}, and the initial configuration a(; )B. Then, from
T, a finite automaton is constructed: F; := (V.S x V;{(})}.{(}) |g¥H € P},R) with
RC(S x V) x (WU{A}) x (S x V) given by ((;),,1, (fl)) € R if pyzMgq € P, and
((3),z()) € R if pyzRq € P. By this construction it is obvious that L(7,p) =
(3 L(FS).

Trivially, in the case of {L,M} one gets Ly(T,p) = rev(L(Fy)) - {(;)} 0O

A stronger lemma is the following one.

Lemma 6. If either

VxeVVpeSImneNVYu € V" Vu, € V*IyeVIgeSU{H} vey™.
Gret)
p q

VxeVVpeS3imneNVu €V"Vu,eV"3yeV I3geS U {H}Tve V™.

()

where during the computation the head never leaves the workspace of length m+n+-1,
then Ly(T,p) is regular.

or

Proof. By constructing a finite automaton with ((; ), u2, (;)) €R or ((; ), %, (;’ ))ER

and final states () where § = rev(v), respecting the initial part in front of or behind
(3) for the initial configuration. O

Although there exist deterministic Turing machines with all accepted sets L(T, p),
L.(T,p), Lo(T,P) being different, only the first possibility will be considered in the
sequel.
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3. DTM(1, n)

Any Turing machine T from DTM(1,#) can be considered as a finite directed graph
with n + 1 nodes from S U {H}. For each p€S it is decidable whether there exists a
directed path from p to H, and this path has a length of at most n. Thus one gets

Theorem 1. All sets accepted by Turing machines from DTM(1,n) are finite, and the
halting problem for DTM(1,n) is decidable.

4. DTM(2, 1)

Generally, it has been shown by Herman [2] that the halting problem of arbitrary 1
state DTMs with 1 head and 1 k-dimensional tape is decidable. He also proved that
there exist accepted sets which are not regular.

Let S = {p} and V = {0,1}. Then

Theorem 2. All sets accepted by machines from DTM(2,1) are regular, and the
halting problem for DTM(2,1) is decidable.

Proof. Let o be the symmetry defined by 6(0) = 1, (1) =0, and y that one defined
by u(L)y = R, (M) = M, w(R) = L. By Lemma 4 it suffices to have at most 1
possibility of halting in the program. Let there be exactly one. It also suffices that this
is plH for if it is pOH then this may be treated using the symmetry ¢. The case pOL
may be ruled out using the symmetry pu. Thus, only 2 cases remain:

p p
O-R| and |0-M
1\H 1WH

The first one gives a regular set, the second one finite sets. [

5. DTM@3, 1)

Let S = {p}, V={0,1,2}, and f(p,x)€V, g(p,x)E{L,M,R}, h(p,x)eSU{H}
denote the new symbol, the head movement, and the new state, respectively, if T is
in state p and x the scanned symbol.

By Lemma 5, and using the symmetry p, similarly to DTM(2,1), it suffices to
consider only the case

N = O
q By N
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In the case f(p,0) = f(p,1) =0 one gets as accepted set

0 1 1 2
L(T,p)=2(0U1)* *2U2(0UV1)* 1*0 ,
(L.p)=20U1 (P)U(P) v20uD (P) U(P)

in the case f(p,0)=0, f(p,1)=1

0 1 2
L(T,p) =20* *2 ,
(.p) (P) © (P)l © (P)

in the case f(p,0) = f(p,1)=1

0 0 1 2
(T, p) = 20* 10* QU 1)*2 QU 1)*2 ,
LT (P> ? (P)( vy (P)( vy (P)

and in the last case f(p,0) =1, f(p,1) = 0 the following accepted set:
L(T,p)= {10”'"1 - 1™ <0> 1"0---01™2,
P
m m. m 0 n n
20™+110™1 - - - 10™ 1"0---01™Q,
p
1
20™1--.10™ ( )1"'0---01""0,
p
10™1...10™ (;) 1710 - - - 01™%01™+2]

k>0,mi€N,ni€N}

o)

Clearly, this is a linear deterministic context-free language not being regular. Thus:

Theorem 3. All sets accepted by machines from DTM(3,1) are regular except one
case (up to symmetries) yielding a linear deterministic context-free language. The

halting problem for DTM(3,1) is decidable.

6. DTM(2,2)

At first some methods reducing the number of machines to be treated are considered.
Let S = {p,q} and ¥V = {0,1}. In the program of a Turing machine T let f(s,x)cV,
g(s,x)e{L,M,R}, h(s,x)€SU{H} denote the new symbol to be written, the movement
of the head, and the new state, respectively, if T is in state s and the head is scanning x.
By Lemma 4 let there be exactly 1 possibility of H. Thus, from originally 13* = 28561
only 4-12° = 6912 machines are left. Using Lemma 5, this number can be reduced to

3072.
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Using the symmetries o and y from DTM(2, 1) and = defined by n(p) = ¢,n(q) = p,
the following reductions decrease the number of Turing machines to be considered.

Lemma 7. It suffices to have only h(q,1) = H as halting.
Proof. By using the symmetries 0,7, and on = ng. [
By the next lemma g(g,0) = L is eliminated.
Lemma 8. It suffices to have only g(q,0) = M or g(q,0) =R.
Proof. By using the symmetry y. O
The following one fixes p as initial state.
Lemma 9. It suffices to have p as initial state.
Proof. Let g be initial state. Then there are 2 cases to be considered, namely %(g,0)
= ¢q and #(q,0) = p. The first case yields machines from DTM(2, 1) which have been
considered already. Let therefore 4(q,0) = p with f(q,0) = z.

If g(q,0) = M then let y be the deterministic gsm-mapping defined by the finite
automaton

(V U (¥ x S),{4,B},{4},{B}, {AxxA,A(;) (2>B,BxxB Ixe V})

with initial state 4 and final state B. Then

z 1
L(T,q) =y L(T, p* p* .
ha)=v ( (&p0 (P) > - (‘1)

If g(q,0) = R then let § and ¢ be deterministic gsm-mappings defined by the finite
automata

(V UV x 5),{4,B,C},{4},{C}, {AxxA,A (;)xB,BZ (2) C,CxxC|xe V})

with initial state 4 and final state C, and

(V U x {p}),{4,B},{4},{B}, {A (;)xB,BxxB |xe V})

with initial state 4 and final state B. Then
0
L(T,q)= (q) ELAT,p)NV x {p})-V*)

Urev (8 (rev(Ly(T, p) N V*2(V x {p})7*))) U (;)

where rev denotes the mirror image. [
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Thus, the following cases remain to be considered: h(q,0) = p with g(g,0) =M or
9(¢,0) = R, and with h(p,0) = h(p,1) = q or h(p,0) = p,h(p,1) =q or k(p,0) =g,
h(p,1) = p. h(p,0) = h(p,1) = p trivially can be ruled out.

The next reduction eliminates 4(q,0) = g.

Lemma 10. Iz suffices to have h(q,0) = p only.

Proof. If h(g,0) = g then, starting with p, all configurations ending in ¢ yield regular
sets since this is effectively a machine from DTM(2, 1). After reaching g this is again
such a machine yielding regular sets only. O

Thus, after eliminating the case g(p,0) = R,g(p,1) = L,g(gq,0) = M by the sym-
metry u, the following cases remain (omitting f and 4):

Pl 4
L Mp
1[-R| H

=)

Pl q P9 P4 P9 AR
O{-L-|-Rp| 10| -L- |-Rp| |0|-L-|-Rp| |01-M-|-Rp| |0|-R-|-Rp
1.L{\H | 1M-|\H | W|R\H| \1|-L-\H| |}}-L-|H

with the possibilities for A(p,0) and 4(p, 1) mentioned above. This leaves 6-3-4 -2
= 144 machines from originally 4 - 123 = 6912.

The first case to consider is

Case 1: g(q,0) = M by the possibilities for A(p,0) and A(p,1).

Case 1.1: h(p,0) = h(p,1) = q. Then

o)~ (im0~ ()0
() (rnon
(Jo-rm ) 1o (5”)
()r-sm) -

Case 1.1.1: f(gq,0) = 0. Then

0\ . /0
O(p> - (p>f(p’0)’

(;)01>f(p,l)<g) . <g>f(p,0) it £(p.1)=0,
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1 * O * .
0— , 1 — H if ,1)=1.
( Doz s (D)= a it s

which shows no effective movement to the right, thus yielding a regular set.
Case 1.1.2: f(q,0) = 1. Then

0\ « * !
0(p) - <;>f(p,0) % fp, 1)(;) it f(p.0) =0,

0N * )
0(p) . (;)f(p,m NH O f(p0)=1,

(oron(’)

which shows no effective movement to the left, thus also yielding a regular set.
Case 1.2: h(p,0) = q,h(p,1) = p. Then

o2)~ ()0~ (%) oo
()~ (Yo
(o)
)

Case 1.2.1: f(q,0) = 0. Then

Q)= (oo

0 1 .
Ly(T, p) = 10* (p) U 10* (p)l*O if f(p,1)=0,

and

0 1
L(T, p) =10* 1*0 if 1) =1.
(T, p) =10 (p)u(p) it f(p1)=1

Case 12.2: f(q,0) = 1. Then

0(p) (p)f(p,O) f(p,l)( ’

and the machine has no effective movement to the left, thus yielding a regular set.
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Case 1.3: h(p,0) = p, h(p,1) = q. Then

0 0
()~ (o
1(") . (l)f(p,m,
14 p
(1)04f(p,1)(°) f(p,l)(f(q’o))
14 q
1 1
— , — H
(;)1=rw(,)

Case 13.1: f(q,0) = 0. Then

(1)oi>f(p,1)(0> — (f(p’1)>f(p,0)-
P P p

This gives no effective movement to the right, thus yielding regular sets.
Case 13.2: f(q,0) = 1. Then

()= )

0 1
LT, =10*< )0*1 ( )0*1 if ,0) =0,
(T,p) » U » if f(p,0)

LS(T,p)=10*<O) U (1)0*1 if f(p,0)=1.
P p

Now the 120 remaining machines are considered with
Case 2: g(¢,0) =R

Case 2.1: g(p,0) =g(p,1) =1L
Case 2.1.1: W(p,0)=h(p,1)=p

)~ (o

yielding no halt at all.

Case 2.1.2: h(p,0) = p, h(p,1) = q or h(p,0) = g, K(p,1) = p. Let m € {0,1}
and n = 1 — m such that 4(p,m) = p and k(p,n) = q. Then

)-Crom
0(p> ( )f(p,n>—»f(q,0)(f (‘”"))

and
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() (-

giving no effective movement to the right, and thus only regular sets.
Case 2.1.3: h(p,0) = h(p,1) = q:

»_ (0 _} f(p,y)>
0(;:) <q)f(p,y) f(q,O)( o )

1(y> - (l>f(p,y)—>H
P q

giving no effective movement at all, and thus only regular sets.

For the remaining 2 subcases the following considerations give a further reduction
of the number of cases.

Let j € {0,1} be such that g(p,j) =L and k = 1 — j. If h(p,j) = q then there is
no effective movement to the left since

J x . S(pJ)
x(p) (q)f(p,n f(q,x)( ’ )

K\ (f(pR)Y . B
(,,> (h(p,k)> T o(pk)=M,

k y . _
(p)y f(p,k)(h(p,k)) if g(p,k) =R,

thus giving only regular sets. Therefore, 4(p,j) = p has to be considered only.
If h(p,k) = p then the machine will never halt. Thus assume h(p,k) = g.
Case 2.2: g(p,k) = M. Then

A J .
J(p) (p)f(m),

kf)_,<k> ,._>(0> )= 1, (f(p,j)> . K =0,
(p pf(pj) qf(pj) f(q,0) » if f(p,k)=0

()= ()= s60()

()= (e Qn- wsma,
(p pf(pj) qf(PJ) H if f(pk)=1

()= ()=

yielding effectively a machine from DTM(2,1) with only regular sets.
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Thus
Case 2.3: g(p,k)=R may be assumed such that the following cases remain: g(p,J)

=L,k p,j)=p, 9(p,k)=R,h(p,k)=4,9(q,0) =R, h(q,0) = p with j, f(p,)), f(p.k),
f(g,0) € {0,1} and & # j. This leaves 16 Turing machines to consider.

At first

Case 2.3.1: f(p,j) =1 one has

(N ()

i0)-()

k(J) — (k>l — f(p,k)<1> ——~>H,

P 14 q

(k )01 - f(p,k)(o)j - f(p,k)f(q,O)(j )
p q P
(k
D

k
>0k . f(p,k)(;’)k . f(p,k)f(q,O)( )

p

yielding as accepted sets

Ly(T, p) = kj* (J> U <k>(0k)*1 ULYT, p)
p p
with

LT, p)= (];) (0k)*0j if f(¢,0) =k or (f(¢,0)=j and f(p,k)=k),
k .
L(T, p) =kj* (p)(Ok)*Oj if f(g,0)=/f(pk)=J
being all regular.
Case 2.3.2: f(p,j) = 0. Here one has

N\
J(p) (p)o’

j j — k i — 0 [ — 0 <J>
k( p)] (p)of f(p,k)(q)f rRr@o(”).
k(j )k - (">0k - f(p,k)(o)k - f(p,k)f(q,O)(">,

p D q p

AW 0\ . j>
- i lk b s
(p>01 f(p,k)<q)1 S(p.k)f(q 0)(p
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(" >0k - f(p,k)(")k - f(p,k)f(q,O)(k )
P q P

<k)l—->f(p,k)<1) — H.
p q

Case 2.3.2.1: f(q,0) = k. This yields as accepted sets

0 1
Ly T, = 10* 0*1 ()) O+1 *l 'fk=1,

@o= (10 (D)oo (1)) ot
((G)oo(y)rovor(y))ror
L(T,p)= uo( ~ )1*ouo1 (01%0)*1 if k=0

p p P

being all regular.
Case 2.3.2.2: f(q,0) = j. Here all 4 remaining machines have to be considered.

0 1 *
i =0: L(T,p)= (1 1 01’1
/ LATP) ((P) U(P))( )

J= l’f(P’O)ZO

LT, p) = ((g) uo(11)* ((;)(OU 1)u1<;>>) (00U 1))*1

all being regular.

The only remaining machine, with j = 1, f(p,0) = 1 however, does not yield a
regular set but

LT, p) = {0(11)’”*uk—1 e (1™ (2) 0(00)*1(00)™ vy - - - g1 (00)™01,

1
01 )™ uy_y - -y (11)™ (P) (00)"v; - - - v;—1(00)™01,

OL(L1)Y™up_y - ug (11)™ (2) 0(00)® 1(00Y" vy - - - g1 (00)™ 1,
m, m 0 n

01(11) ™ ug—y - - - ur (11) '(p)(OO) 1oy -+ vg—1(00)"1 |

k>0,m,~20,n,~20,(u,~ = O,U,‘ = 1) or (ui =0 = 0])} .

It is easy to see that this set is not regular but a linear deterministic context-free
language being similar to that one from DTM(3,1).
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Summarizing, one obtains
Theorem 4. All sets accepted by Turing machines from DTM(2,2) are regular except
one case only (up to symmetries) giving a linear deterministic context-free language.

The halting problem for DTM(2,2) is decidable.

It should be noted that the machine last mentioned is not the beasy beaver machine
for DTM(2,2) since that one is the following which can be shown easily:

P4
0 |[1Lg|1Rp
1|Rq| H

It should also be mentioned that in most cases the sets Ly(7,p) and L.(7,p) are
identical, but that there are some exceptions.

7. DTM(4,4)

Here only a machine accepting a language being not context-free is presented. This
machine is

plglr]s]
RIR|L|L
Rq|ORp| L |Lg
Lr|(2Ls| - |- --

[ =)

where the open positions are irrelevant and may be filled by M.
For the accepted language the following fact holds:

L(T,p)N <2>1*33 = {(2>12”33|n>0}.
p p

showing that Ly(7,p) is not context-free.

Recently, it has been shown [3] that there exist Turing machines in DTM(2,5) and
DTM(3, 6) closely related to Collatz problems with unknown solutions.

Finally, in 1992 the existence of a universal Turing machine in DTM(3,10) was
shown [8], and in 1995 the existence of another one in DTM(18,2) [9].

There exists also an unpublished proof by Paviockaya on the decidability of the
halting problem for DTM(3, 2).
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