The University of Saskatchewan
Department of Computer Science

Technical Report #2014-01

«d UNIVERSITY OF
SASKATCHEWAN




Insertion Operations on Deterministic Reversal-Bounded
Counter Machines *

Joey Eremondi
Department of Information and Computing Sciences,

Utrecht University, P.O. Box 80.089 3508 TB Utrecht, The Netherlands
j.s.eremondi@students.uu.nl

Oscar H. Ibarra
Department of Computer Science,
University of California, Santa Barbara, CA 93106, USA

ibarra@cs.ucsb.edu

[an McQuillan
Department of Computer Science, University of Saskatchewan
Saskatoon, SK S7N 5A9, Canada

mcquillan@cs.usask.ca

October 14, 2014

Abstract

Several insertion operations are studied applied to languages accepted by
one-way and two-way deterministic reversal-bounded multicounter machines.
These operations are defined by the ideals obtained from relations such as the
prefix, infix, suffix and outfix relations. The insertion of regular languages and
other languages into deterministic reversal-bounded multicounter languages is
also studied. The question of whether the resulting languages can always be ac-
cepted by deterministic machines with the same number of turns on the input
tape, the same number of counters, and reversals on the counters is investi-
gated. In addition, the question of whether they can always be accepted by
increasing either the number of input tape turns, counters, or counter reversals
is addressed. The results in this paper form a complete characterization based
on these parameters. Towards these new results, a new technique is created for
simultaneously showing a language cannot be accepted by both one-way deter-
ministic reversal-bounded multicounter machines, and by two-way deterministic
machines with one reversal-bounded counter.
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1 Introduction

One-way deterministic multicounter machines are deterministic finite automata aug-
mented by a fixed number of counters, which can each be independently increased,
decreased or tested for zero. If there is a bound on the number of switches each
counter makes between increasing and decreasing, then the machine is reversal-
bounded [1, 7]. The family of languages accepted by one-way deterministic reversal-
bounded multicounter machines (denoted by DCM) is interesting as it is more general
than regular languages, but still has a decidable emptiness, infiniteness, equivalence,
inclusion, universe and disjointness problems [7]. Moreover, these problems remain
decidable if the machines operate with two-way input that is finite-crossing in the
sense that there is a fixed k£ such that the number of times the boundary between
any two adjacent input cells is crossed is at most k times [3].

Reversal-bounded counter machines (deterministic and nondeterministic) have
been extensively studied. Many generalizations have been investigated, and they
have found applications in areas such as verification of infinite-state systems, mem-
brane computing systems, Diophantine equations, etc.

In this paper, we study various insertion operations on deterministic reversal-
bounded multicounter languages. Common word and language relations are the
prefix, suffix, infix and outfix relations. For example, w is an infix of z, written
w < oz, if 2 = zwy, for some x,y € X*. Viewed as an operation on the first
component of the relation, <; (w) = {z | w <; 2,z € ¥*}, which is equal to the
set of all words with w as infix, which is X*wX*. If we consider the inverse of this
relation, z <. w, if z = zwy, then viewing this as an operation, <;' (2) = {w |
2z <7t w,w € B} = {w | w <; 2}, the set of all infixes of z. These can be extended
to operations on languages. Viewed in this way, we can define the prefix, suffix, infix
and outfix operations, along with their inverses on languages. This is the approach
taken in [9]. Using the more common notation of inf(L) for the set of infixes of L,
then inf 1 (L) = £*LY*, the set of all words having a word in L as an infix. This is
the same as what is often called the two-sided ideal, or the infix ideal as done in [9].
For the suffix operation, suff(L) = (£*)~'L, and suff "}(L) = ¥*L, with the latter
being called the left ideal, or the suffiz ideal. For prefix, pref(L) = L(Z*)_l, and
pref~1(L) = LY*, the prefiz ideal, or the right ideal. The inverse of each operation
defines a natural insertion operation.

We will examine the insertion operations defined by the inverse of the prefix, suf-
fix, infix, outfix and embedding relations, and their effects on deterministic reversal-
bounded multicounter languages. We will also examine certain standard generaliza-
tions of these operations such as left and right concatenation with regular or more
general languages. In particular, if we start with a language that can be accepted
with a parameterized number of input tape turns, counters, and reversals on the
counters, is the result of the various insertion operations still accepted with the same
type of machines? And if not, can they always be accepted by increasing either the



turns on the input tape, counters, or reversals on the counters? Results in this paper
form a complete characterization in this regard, and are summarized in Section 5.
Surprisingly, even if we have languages accepted by deterministic 1-reversal bounded
machines with either one-way input and 2 counters, or 1 counter and 1 turn on the
input, then concatenating ¥* to the right can result in languages that can neither
be accepted by DCM machines (any number of reversal-bounded counters), nor by
two-way deterministic reversal-bounded 1-counter machines (2DCM(1), which have
no bound on input turns). This is in contrast to deterministic pushdown languages
which are closed under right concatenation with regular languages [5]. In addition,
concatenating X* to the left of a one-way 1-reversal-bounded one counter machine
can create languages that are neither in DCM nor 2DCM(1). Furthermore, as a con-
sequence of the results in this paper, it is evident that the right input end-marker
strictly increases the power for even one-way deterministic reversal-bounded multi-
counter languages when there are at least two counters. This is usually not the case
for various classes of one-way machines. To do this, a new mode of acceptance, by
final state without end-marker, is defined and studied.

Most non-closure results in this paper depend on a new technique developed
herein to simultaneously show languages are not in DCM and not in 2DCM(1). The
technique does not rely on any pumping arguments (like the recent paper [2] that
developed a technique to show languages are not in DCM) as the latter family even
contains non-semilinear languages.

2 Preliminaries

The set of non-negative integers is represented by Ny, and positive integers by N.
For ¢ € Ny, let w(c) be 0 if ¢ =0, and 1 otherwise.

We use standard notations for formal languages, referring the reader to [5, 6].
The empty word is denoted by A. We use ¥ and I' to represent finite alphabets,
with X* as the set of all words over ¥ and X1 = X*\ {\}. For a word w € *, if
w = aj---a, where a; € X, 1 < i < n, the length of w is denoted by |w| = n, and
the reversal of w is denoted by w’* = a,, - --a;. The number of a’s, for a € ¥, in w
is |w|,. Given a language L C ¥*, the complement of L, ¥* \ L is denoted by L.

Definition 1. For a language L C X*, we define the prefix, inverse prefix, suffiz,
verse suffiz, infix, inverse infiz, outfix and inverse outfix operations, respectively:

pref(L) = {w | wr € L,x € ¥*} pref (L) = {wz |w € L,r € ©*}
suff (L) = {w | 2w € L,z € ¥*} suff 71(L) = {zw |w € L,z € ¥*}
inf(L) = {w | zwy € L,z,y € *} | inf (L) = {zwy |w € L, 2,y € ¥*}
outf(L) = {zy | 2wy € L,w € ¥*} | outf (L) = {zwy | zy € L,w € *}

We generalize the outfix relation to the notion of embedding [9]:



Definition 2. The m-embedding of a language L C ¥* is: emb(L, m) = {wq - - - wy, |
WL * ** Win—1TmWm € L, w; € ¥*,0 <4 <m,z; € ¥*,1<j <m}.

We define the inverse, emb ' (L,m) = {wozi-- Wn 1TmWm | wo-- W, €
Liw; € ¥*,0<i<m,z; € ¥*,1 < j <m}.

Note that outf(L) = emb(L, 1) and outf (L) = emb (L, 1).

A language L is called prefix-free if, for all words x,y € L, where x is a prefix of
y, then x = y.

A one-way k-counter machine is a tuple M = (k,Q,%,$,0,qo, F), where, re-
spectively, @,3, 8, qo, F' are the finite set of states, the input alphabet, the right
end-marker, the initial state in (), and the set of final states, which is a subset of Q).
The transition function ¢ (defined as in [7] except with only a right end-marker since
these machines only use one-way inputs) is a mapping from Q x (¥U{$})x {0, 1}¥ into
Q x {S,R} x {—1,0,+1}*, such that if d(q,a,c1,...,cx) contains (p,d,dy,...,ds)
and ¢; = 0 for some ¢, then d; > 0 to prevent negative values in any counter.
The symbols S are R indicate the direction of input tape head movement, ei-
ther stay or right respectively. The machine M is deterministic if § is a func-
tion. The machine M is non-exiting if there are no transitions defined on final
states. A configuration of M is a k + 2-tuple (q,w$, c1, ..., cx) representing the fact
that M is in state ¢, with w € X* still to read as input, and c¢q,...,¢c; € Ny
are the contents of the k£ counters. The derivation relation s is defined be-
tween configurations, where (q,aw,c1,...,cx) Py (p,w’ ;o1 +dy, ... cp + dg), if
(p,d,dy,...,dg) € 6(q,a,m(c1),...,m(cx)) where d € {S,R} and v’ = aw if d = S,
and v’ = w if d = R. We let -}, be the reflexive, transitive closure of 7. And, for
m € Ny, let F7; be the application of 37 m times. A word w € ¥* is accepted by
M if (g0, w$,0,...,0) 3, (¢,8,¢1,...,¢x), for some g € F, and ¢y, ..., c; € Ng. The
language accepted by M, denoted by L(M), is the set of all words accepted by M.

The machine M is [-reversal bounded if, in every accepting computation, the
count on each counter alternates between increasing and decreasing at most [ times.
We will sometimes refer to a multicounter machine as being in DCM(k, 1), if it has
k l-reversal bounded counters.

We denote by NCM(k, 1) the family of languages accepted by one-way nondeter-
ministic [-reversal-bounded k-counter machines. We denote by DCM(k;, 1) the family
of languages accepted by one-way deterministic [-reversal-bounded k-counter ma-
chines. The union of the language families are denoted by NCM = (J,, ;- DCM(k;, 1)
and DCM = Uk,l>0 DCM(k,1). -

Given a DCM machine M = (k,Q, %, $, 6, qo, ), the language accepted by final
state without end-marker is the set of all words w such that

(qo,w$,0,...,0) 3, (¢ a8, ¢),...,¢) Far (g,8,¢1,. .., ¢r),

for some ¢ € F, ¢ € Q, a € ¥, ¢;,¢; € Ng,1 < i < k. Such a machine does not
“know” when it has reached the end-marker $. The state that the machine is in



when the last letter of input from ¥ is consumed entirely determines acceptance
or rejection. It would be equivalent to require (g, w,0,...,0) F3; (g, A, c1,. .., ¢r),
for some ¢ € F, but we continue to use $ for compatibility with the end-marker
definition. We use DCMpg(k,1) to denote the family of languages accepted by
these machines when they have k counters that are [-reversal-bounded. We define
DCMne = Uy, 50 DCMe (K, 1).

We denote by 2DCM(1) to be the family of languages accepted by two-way
deterministic finite automata (with both a left and right input tape end-marker)
augmented by one reversal-bounded counter, accepted by final state. A machine of
this form is said to be finite-crossing if there is a bound on the number of changes of
direction on the input tape, and t-crossing if it makes at most ¢ changes of direction
on the input tape for every computation.

3 Closure for Insertion and Concatenation Operations

Closure under concatenation is difficult for DCM languages because of the restric-
tion of being deterministic. However, we show special cases where closure results
can be obtained. Additionally, we study the necessity of an end-of-tape marker,
showing that it makes DCM languages strictly more powerful, but adding no power
to DCM(1,1) languages. To our knowledge, the necessity of the right end-marker for
one-way deterministic reversal-bounded multicounter machines has not been docu-
mented in the literature.

Lemma 1. For any I, DCM(1,1) = DCMng(1,1).

Proof. By definition, DCMng(1,1) € DCM(1,1).

Consider M = (1,Q, %, $,0, qo, F') accepting L by final state. A machine M’ will
be built such that the language accepted by M’ by final state without end-marker
is equal to L(M).

We assume without loss of generality that § is defined for all inputs. Let |Q| = n.
For each state ¢ € Q, we can define the language

L(q) = {ai | Jw such that (g, w$,7) Fys (g7,9$,¢),qr € F,c € No},

the set of counter values which leads to acceptance on end-of-tape marker $ from
state ¢. Since this language is in NCM; NCM languages are semilinear, and L(q)
is unary, we know L(q) is regular. Thus we can accept L(q) with a DFA, say
D(q) = (Qp(q):1a}:9D(q),5D(q)s FD(q))- We denote by D(q,i) the state of D(q)
reached after reading i letters of input.

Because these languages are unary, the structure of the DFAs are relatively
simple, and well-known [11]. Every unary DFA with m states is isomorphic to one
with states {0,...,m — 1} where there exists some state k, and there is a transition
from from i to i + 1, for all 0 < i < k (the “tail”), and there is a transition from



jtoj+1forall k<j<m-—1, plus a transition from m to k (the “loop”), and
no other transitions. Also, assume without loss of generality that there is always a
non-empty loop, which can be assumed by adding a loop without any final states.
Thus, D(q,1) is always defined for every i > 0.

Let t be one more than the maximum tail size of any D(q). Then ¢ > 0. The
intuition for the construction of M’ is as follows. The machine M’ simulates M,
and after reading w, if M has counter value ¢, M’ has counter value ¢ — t if ¢ > t,
with ¢ stored in the finite control. If ¢ < ¢, then M stores c¢ in the finite control with
zero on the counter. This allows M’ to know what counter value M would have
after reading a given word, but also to know when the counter value is less than ¢
(and the specific value less than t). In the finite control, M’ simulates each D(q)
in parallel in such a way that the state D(q,?) is stored, for each ¢ € @, when the
counter of M is i. To do this, each time M increases the counter, from ¢ to ¢ + 1,
the state of each D(q) switches from D(q,7) to D(q,i + 1). Each time M decreases
the counter from i to ¢ — 1, the state of each D(q) changes deterministically “going
backwards in the loop” if ¢ > ¢, and if 4 < ¢, then the counter of M is stored in the
finite control, and thus each M(q) can tell when to switch deterministically from
loop to tail. Then, when in state ¢ of M, M’ can tell if the current counter value
would be accepted using the appropriate DFA D(q).

We now provide the construction in detail:

The machine M’ has state set Qnr = Q X {0,...,t} X Qp(g) X -+ X Qp(gn)>
where Q = {q1,...,qn} (and so qp is also g;, for some i,1 < i <mn).

A state of M’ is final if it is of the form (g;,c,dq,...,d;,...,d,) where d; is final
in D(g;), for any 1 < i < n. The initial state is (qo,0, D(q1,0), ..., D(gn,0)).

For each state d € Qp(q,) for each g;, we define next(d) = dpg,)(d,a). We define
prev(d) as the unique state d’ where dp(,,)(d’;a) = d and d' is in the loop of D(g;),
defined only if d is in the loop.

If 657(q,b,0) = (p,T,14), for some q,p € Q,b € X, T € {S,R},i € {0,1}, we add
the following transition to dy;:

1. 0p((q,0,D(q1,0),...,D(¢gn,0)),b,0) = (p,i, D(q1,4),...,D(qn,1),T,0).

Also, if dp(q,b,1) = (p,T,1), for some ¢,p € Q,T € {S,R},i € {—1,0,1} we
add the following transition in 0y for every s = (q,¢,d1, ..., dy):

2. §(s,b,0) = ((p,c+ 1, D(q1,c+7),...,D(qn,c+19),T,0) if either 0 < ¢ < t or
c=tand i€ {0,—-1},

3. 0(s,b,1) = ((p,t,di,...,dy)),T,0),if c=1tand i =0,

4. §(s,b,x) = ((p,t,next(dy),...,next(d,)),T,i) for z € {0,1}, if ¢ = ¢ and

5. 8(s,b,1) = ((p, t,prev(dr),...,prev(dy)),T,i) if c =t and i = —1.



We can see that for any counter value ¢ and M-state g, next(D(q,c)) = D(q,c+
1). Additionally, if ¢ > ¢, then ¢ — 1 > ¢, meaning that D(q,c — 1) must be in the
loop of the unary DFA D(q). Thus, prev(D(q,c)) = D(q,c—1).

Claim 1. Let w € ¥*. For all m € Ny, if (qo,w = uv,0) FY, (¢,v,¢) for some
u,v € X%, then

((QOaOaD(QDO)) cee ,D(qn,O)),uv,O) |_7]’\n/[/ ((Q7t7D(q1vc)> s 7D(Q7176))avvc_ t)a
when ¢ > t, and
((Q0,0,D(Ql,O), . '7D<Q7170))7u1)70) }_%’ ((Q7C7D(q170)7 .. .,D(qn,C)),’U,O),
when ¢ < t.

Proof. We perform induction on m.

If m =0 then ¢ = gqo,u = A,c =0, ¢ < t, thus the second condition is true.

Consider m > 0, and assume the implication holds for m. We will show it holds
for m + 1.

Suppose (qo, uv,0) I—Tfl (¢,v,c). Then for some state p € Q, a € L U {A},
and ¢ € Ny, we have (go,uv,0) F7 (p,av,c¢) Fi; (g,v,¢). We know that ¢ €
{d—-1,d,d+1}.

Case: ¢ > t,c > t. By our hypothesis, we have

((QO7 0, D(Q170)7 s 7D(QH))7UU> O) l_r’]\}’ ((pata D(Ql» C,), SRR D(QTLa C/))v av, d - t)

If ¢ = ¢ — 1, then we know that ((p,t, D(q1,¢), ..., D(qn,c)),av,d —t) Fap
((g,t,D(q1,¢),...,D(gn,c)),v,c—t) by transition rule (5).
If ¢ = ¢/, then we know that

((patvD(th/)v .o 7D(Q’Vlacl))7avac/ - t) l_M’ ((qataD(th)a ... 7D(QTL7C))7U7C_ t)

by transition rule (3).
If c = + 1, then we know

((patv D(Qh C,>, o 7D(qn7 Cl))a av, Cl - t) I_1\4’ ((qata D(qh C), R 7D(Qn7c))7v7 Cc— t)

by transition rule (4).
Case: ¢ > t,c <t. Then we know that ¢ =t and ¢ = ¢t + 1. By our hypothesis,
we have:

((90,0, D(q1,0),. .., D(gn, 0)), uv,0) Fpr ((p,t, D(q1,t), - .., D(gn, 1)), av,0),

a € X U{A}. So by transition rule (4) we have

((p>ta D(qlat)a ceey D(qnat))a av,O) l_M’ ((Q7t7 D(Q17t + 1)7 s 7D(Qn7t + 1))71}7 1)5



which is valid since 1 =c—d =c¢—t.
Case: ¢ < t,c <t. By our hypothesis we have

((QO7 07 D(q17 0)7 RN D(QTM 0))7 uv, 0) Fn]\}’ ((p7 Clv D(q17 C,)v v 7D(Qn7 Cl))a av, 0)7

a€XU{A}L

Ifc=cd —1,¢=¢ or ¢c=c +1, then the implication holds by transition rule
(2), unless ¢ = 0, in which case it holds by transition rule (1).

Case: ¢ < t,d > t. Then we know ¢ = ¢ and ¢ = t + 1. By our hypothesis
we have ((qo,0,D(q1,0),...,D(gqn,0)),uv,0) F7% ((p,t,D(q1,t +1),...,D(qn,t +
1)),av,1), for some a € ¥ U {A}. The implication then holds from transition rule
(5), since ¢ =t and t is one more than the largest tail, which means D(g;,t) is still
in the loop, for every j, 1 < j <mn.

Thus we have shown that the implication true for M’ in m + 1 steps, and is
therefore true for all m. O

Claim 2. Let w € X*. For all m € Ny, if

((QO7 07 D(Qla 0)7 cre D(Qna 0))7 w = 'LL’U,O) l_’r]&’ ((q7 da qiv s 7q';z)7'U7 6)

and c is the number of transitions used in the derivation where i = 1 in the con-
struction, minus the number of transitions used where i = —1 in the construction,
then the following are true:

e ¢ =Dlg;,0), for1<j<n,
e d=t,e=c—t whenc>t,
e d=c,e=0 when c<t,

e (go,w =uv,0) Y} (q,v,c¢).

Proof. We perform induction on m.
If m =0 then ¢ =qo,u=\,c=0<t,d=e=0, and the conclusion is true.
Suppose ((qo,0,d(q1,0),...,d(g,)),uv,0) I—"A}[TI ((g.d,q},--..4q,),v,e). Then

((qo,O,d(q1,0),...,d(qn)),uv,()) I_1:]\2/ ((q/7d,7qlll7"'7QZ)7CVU:6/)
'_M (<q7d7Q17"'7q';1)7U7€)7

a € ¥ U{\} by some transition ¢t. Let ¢ be the number of transitions used in the
first m transitions of the derivation where ¢ = 1, minus those where ¢ = —1. Then,
by the hypothesis,

b ((q07 07 d(q170)a v 7d(Qn))vuv70) Fﬂ/ ((q/7 dla D(qlv Cl)a o 7D(QH7 C’), av, 6/)7

o d=te =c —t whend >t and



e d=(,¢ =0, when ¢ <t and

e (qo,uv,0) F71% (¢, av, ).

Suppose that ¢ > t. Then

((90,0,d(q1,0),...,d(qn)),uv,0) F, ((¢,t,D(q1,c),...,D(qn,c)),av,d —t)
I_M ((q,d,qi,...,qé),v,e),

a € ¥ U{\} by some transition ¢. If ¢ is created from a transition where ¢ = 1, this
must be of type (4), and let ¢ = ¢ + 1 then q} = D(gj,¢),1<j<n,d=te=c—t,
and thus (go,uv,0) F3; (g,v,c¢). If t is created from a transition where ¢ = 0, this
must be of type (4), ¢ = ¢,q; = D(gj,¢),1 < j < n,d=te=c—t and thus
(qo, uv,0) K3, (¢,v,¢). If t is created from a transition where ¢ = —1, then ¢ must
be of type (5), and let ¢ = ¢’ — 1 then ¢ > t,¢; = D(gj,¢),1 <j<n,d=te=c—t
(and so d = ¢ and e = 0 if ¢ = t), and thus (go, uv,0) F}, (¢,v,¢).

If ¢ <t, the proof is also similar. O

As a result of this claim, we can see that, (go, w$,0) 3, (¢,$,c), where (q,8$,¢)
is the first configuration reaching $, if and only if

((QOa 0, D(Qla 0)7 R D(qnv O))’ w, 0) l_}k\/[’ ((qvta D(Qla C)’ cee 7D(Qna C))a )‘7 c— t)

if ¢ >t and

((QOa 0, D(Qlao)a R D(qnao))awa 0) '_*M/ ((Q7Ca D(Qla C)v cee ’D(Qna C))a >‘a 0)

if ¢ <t. Then, M accepts w if and only if a® € D(q), by our definition of D(q).
And M’ accepts w if and only if D(q,c) is final in D(q), which again happens if and
only if a® € D(g). So M accepts w by final state if and only if M’ accepts w by final
state without end-marker. O

We will extend these closure results with a lemma about prefix-free DCMyg
languages. It was shown in [4] that a regular language is prefix-free if and only if
there is a non-exiting DFA (defined just like with counter machines above, where
there are no transitions defined on final states) accepting the language.

Lemma 2. Let L € DCMyg. Then L is prefix-free if and only if there exists a DCM-
machine M accepting L by final state without end-marker which is non-exiting.

Proof. Let L € DCMpg, with M a machine accepting L by final state without
end-marker.

(=) Suppose L is prefix-free. Construct M’ from M such that all transitions
defined on final states are removed, and so M’ is not non-exiting. Then L(M') C
L(M) since all transitions of M’ are in M. Let ¢f be a final state with outgoing
transitions in M. For every w leading to state ¢y in M, wx is not accepted for any x.



Then, we can accept w € M’ since M accepts L by final state without end-marker,
thus removing transitions of g¢ that will not disrupt the acceptance of w in M’.
Thus L(M) C L(M') as well.

( <) Suppose M is non-exiting accepting L by final state without end-marker.
Consider w € L. Then after reading w, there are no transitions to follow, so wz is
not accepted for any x. Thus L is prefix-free.

O]

From this, we obtain a special case where DCM is closed under concatenation,
if the first language can be both accepted by final state without end-marker, and
is prefix-free. The construction considers a non-exiting machine accepting Ly by
final state without end-marker, where transitions into its final state are replaced by
transitions into the initial state of the machine accepting Lo.

Proposition 1. Let L; € DCMyg(k,1), Lo € DCM(K',1"), with Ly prefiz-free. Then
LiLs € DCM(k + K, max(l, I')).

Proof. Our construction is simple. Consider non-exiting M; accepting L; by final
state without end-marker, and My accepting Lo. We form M’ where L(M') = L; L.
Indeed, M’ has the states and transitions from M7, My combined, with the start state
of M; as its start state. Any transition into an accepting state of M; is replaced
by an equivalent transition into the starting state of My. The accepting states are
the accepting states of Ms. The machine has separate counters for the counters of
M7 and Ms, each of which performs the same reversals they would in their original
machine.

If we Ly and x € Ly, then wx € L(M'). Since M; accepts without end-marker,
we know reading w in M; immediately leads to an accepting state in M;, even
without reading $. So, in M’, we know that reading w will lead to the start state
of Ms. Reading x from the start of My leads to an accepting state, since x € Lo.
Thus reading = from the start of My in M’ leads to acceptance.

If y € L(M’), then reading y lead to some accepting state of M. M’ starts
in the start of Mj, so the only path to an accepting state is through the start of
Ms. Thus there is some division of y into w,x where reading w in M; leads to
acceptance (because it leads to the start state of My in M'), and reading = in My
leads to acceptance, because we got to an accepting state in M’. Thusy € L1Ly. [

If we remove the condition that L; is prefix-free however, the proposition is no
longer true, as we will see in the next section that even the regular language >*
(which is in DCMyg(0,0)) concatenated with a DCM language produces a language
outside DCM.

Corollary 1. Let L € DCM(k,l), R € REG, where R is prefiz-free. Then RL €
DCM(k,1).
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In contrast to left concatenation of a regular language with a DCM language
(Corollary 1), where it is required that R be prefix-free (the regular language is
always in DCMyg), for right concatenation, it is only required that it be a DCMyng
language. We will see in the next section that this is not true if the restriction that
L accepts by final state without end-marker is removed.

Proposition 2. Let L € DCMye(k, 1), R € REG. Then LR € DCMye(k,1). Also,
pref (L) € DCMng(k,1).

Proof. Let My = (k,Q1,%,9$,91,q1, F1) be a DCM machine accepting L by final state
without end-marker. Let My = (Q2, 3, d2, q2, F») be a DFA accepting R. A DCM
machine M’ will be built that will accept LR by final state without end-marker.
Assume without loss of generality that M; reads all the way to the end of every
input.

Intuitively, M’ = (k,Q',X%,$,d', ¢, F') will simulate M; while also storing a
subset of ()2 in the second component of the state. Every time it reaches a final
state of M, it places the initial state of M5 in the second component. And, then it
continues to simulate M7, while in parallel simulating the DFA Ms on every state
in the second component in parallel.

Formally, Q' = Q1 x 292, ¢ = (q1,0) if 1 ¢ Fi and ¢’ = (q1,{g2}) oth-
erwise, F/ = {(¢,X) | ¢ € Q,X N Fy, # 0} and ¢ is defined as follows: For
every transition, d1(¢,a,z) = (p,T,i1,...,ik),p,q € Q,a € X,z € {0,1},T €
{S,R},i; € {-1,0,1},1 < j < k, introduce ¢'((¢,Y),a,z) = ((p, Z), T, i1, ..., i),
for all Y € 292, where

1. Z=Y T =S and p ¢ Fy,

2. Z=06Y,a)if T =R and p ¢ F1,

3. Z=Y U{g}ifT=Sandpe F,

4. Z =02(Y,a) U{q2} f T =R and p € F}.
Claim 3. L(M;)L(Ms) C L(M').

Proof. Let uwv € ¥* where u € L(My),v € L(Mz). Then there is a derivation
(p1,u1,i1 (1), .. yik(1) Far - Far (Do unsi1(n), ... ig(n)) where pr = qr,u1 =
wv,i1(l) = -+ =ix(l) = 0,p, € F1,u, = v, and the last transition applied reads a
letter (moves right) since M; accepts by final state without end-marker. Further-
more, since M reads every input, (pn,un,i1(n),...,ir(n)) i, (0, A1, ... i) for
some p’ € Q1,7 € Ng,1 < j < k. So by the construction ((q1,Y1),uv,0,...,0) F;
((pn, Yn),v,i1(n),...,ix(n)), either this sequence is of length 0, or longer where the
last transition applied reads a letter, and since p, € Fi, the last transition applied
was of type 4 above. In both cases, ¢2 € Y,,. In addition, it must be the case that

((pns Yn),v,i1(n), ... ig(n) By (0, YY), Aixy - -y ig),
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and that 6(g2,v) € Y since every transition applied to M; while reading v that
consumes an input letter, also changes state via that letter according to the DFA
My. Thus, there is a final state from F5 in Y’/ causing M’ to also accept. ]

Claim 4. L(M') C L(My)L(Ms)
Proof. Let w € L(M'). Then,

((q1, Y1), w1,i1(1), ..., ix(1) Fagr -+ Farr ((Pny Yo )y wnyii(n), ... ig(n)),

where w1 = w,q = (q1,Y1),i1(1) = -+ = ix(1) = 0,Y,, N Fy # 0, w, = A. Let g5 be
some state in F5 NY,. Then, by the construction, there exists some j, 1 < j < n
such that p; € F1, g2 € Y}, and for every transition from the jth configuration to the
last one, while reading w;, the sets Yj, ..., Y, consecutively stay the same on a stay
transition, and on a right transition that consumes the next input letter of w;, puts

the state 52(q2,w9), for each consecutive prefix of w} of w; in the sets Yj,...,Y,.
Hence, w; € R, and since p; € F1, it must be that ww;1 € L(M). d
Hence, LR € DCMg(k,1). O

As a corollary, we get that DCM(1,1) is closed under right concatenation with
regular languages. This corollary could also be inferred from the proof in [5] that
deterministic context-free languages are closed under concatenation with regular
languages.

Corollary 2. Let L € DCM(L,1) and R € REG. Then LR € DCM(L,1).
Corollary 3. If L € DCM(1,1), then pref~*(L) € DCM(1,1).

4 Relating (Un)Decidable Properties to
Non-closure Properties

In this section, we demonstrate a technique that proves non-closure properties using
(un)decidable properties. In particular, we use this technique to prove that some
languages are not accepted by 2DCM(1)s (i.e., two-way DFAs with one reversal-
bounded counter). Since 2DCM(1)s have two-way input and a reversal-bounded
counter, it does not seem easy to derive “pumping” lemmas for these machines.
2DCM(1)s are quite powerful, e.g., although the Parikh map of the language ac-
cepted by any finite-crossing 2NCM (hence by any NCM) is semilinear [7], 2DCM(1)s
can accept non-semilinear languages. For example, Ly = {a’b* | i,k > 2,4 divides k}
can be accepted by a 2DCM(1) whose counter makes only one reversal. However, it
is known that Ly = {a’b/cF | i,j,k > 2,k = ij} cannot be accepted by a 2DCM(1)
[8].

We will need the following result (the proof for DCMs is in [7]; the proof for
2DCM(1)s is in [8]):
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Theorem 1.

1. The class of languages accepted by DCMs is closed under Boolean operations.
Moreover, the emptiness problem is decidable.

2. The class of languages accepted by 2DCM(1)s is closed under Boolean opera-
tions. Moreover, the emptiness problem is decidable.

We note that the emptiness problem for 2DCM(2)s, even when restricted to machines
accepting only letter-bounded languages (i.e., subsets of aj - - - aj for some k > 1 and
distinct symbols ay, ..., ax) is undecidable [7].

We will show that there is a language L € DCM(1,1) such that inf~!(L) is not
in DCM U 2DCM(1).

The proof uses the fact that that there is a recursively enumerable language Ly, C
Ny that is not recursive (i.e., not decidable) which is accepted by a detereminstic
2-counter machine [10]. Thus, the machine when started with n € Ny in the first
counter and zero in the second counter, eventually halts (i.e., accepts n € Ly).

A close look at the contructions in [10] of the 2-counter machine, where ini-
tially one counter has some value d; and the other counter is zero, reveals that the
counters behave in a regular pattern. The 2-counter machine operates in phases
in the following way. The machine’s operation can be divided into phases, where
each phase starts with one of the counters equal to some positive integer d; and the
other counter equal to 0. During the phase, the positive counter decreases, while
the other counter increases. The phase ends with the first counter having value 0
and the other counter having value d; 1. Then in the next phase the modes of the
counters are interchanged. Thus, a sequence of configurations corresponding to the
phases will be of the form:

(QIvdla 0)7 (QZ,07d2)> (Q37d37 0)> (Q4707d4)7 (Q5> d5a 0)7 (Q6> Oa dﬁ)a s

where the ¢;’s are states, with ¢ = ¢s (the initial state), and dy,ds,ds,... are
positive integers. Note that in going from state ¢; in phase ¢ to state g;+1 in phase
i+ 1, the 2-counter machine goes through intermediate states.

For each i, there are 5 cases for the value of d;+q1 in terms of d;: d;+1 =
di,2d;,3d;,d;/2,d;/3. (The division operation is done only if the number is di-
visible by 2 or 3, respectively.) The case is determined by ¢;. Thus, we can define a
mapping h such if g; is the state at the start of phase i, d;+1 = h(g;)d; (where h(g;)
is1,2,3,1/2,1/3).

Note that the second component of the configuration refers to the value of ¢;
(first counter), while the third component refers to the value of ¢a (second counter).

Let T be a 2-counter machine accepting a recursively enumberable set L. that is
not recursive. We assume that q; = ¢, is the initial state, which is never re-entered,
and if T halts, it does so in a unique state g;. Let T’s state set be (), and 1 be a
new symbol.
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In what follows, « is any sequence of the form I;ls - - - I, (thus we assume that
the length is even), where I; = ¢1¥ for some ¢ € Q and k > 1, represents a possible
configuration of T" at the beginning of phase i, where ¢ is the state and k is the value
of counter ¢; (resp., ¢2) if 7 is odd (resp., even).

Define Ly to be the set of all strings « such that

L. a=#L## - #om#;
2. m>1;

3. for 1 <j <2m —1, I; = Ij41, i.e., if T begins in configuration I}, then after
one phase, T" is in configuration I (i.e., [j41 is a valid successor of I;);

Lemma 3. Lj is not in DCM U 2DCM(1).

Proof. Suppose Ly is accepted by a DCM (resp., 2DCM(1)). The following is an
algorithm to decide, given any n, whether n is in L.

1. Let R = #q1"((#Q1T#Q11))*#q,11#. Clearly R is regular.
2. Then L' = Ly N R is also in DCM (resp., 2DCM(1)) by Theorem 1.

3. Check if L’ is empty. This is possible, since emptiness of DCM (respectively,
2DCM(1)) is decidable by Theorem 1.

The claim follows, since L’ is empty if and only if n is not in Lye. O

4.1 Non-closure Under Inverse Infix

Theorem 2. There is a language L € DCM(1,1) such that inf~'(L) is not in
DCM U 2DCM(1).

Proof. Let T be a 2-counter machine. Let L = {#ql™#pl"# | T when started
in state ¢ when one counter has value m and the other counter has value 0, does
not reach the configuration in the next phase where the counter become zero, the
other counter has value n, and the state is p}. Thus, L = {I#I' | I and I’ are
configurations of T', and I’ is not a valid successor of I'}. Clearly, L can be accepted
by a DCM(1,1).

Let ¥ be the alphabet over which L is defined. We claim that L; = inf~!(L) is
not in DCMU2DCM(1). Otherwise, by Theorem 1, L1 (the complement of L7) is also
in DCMU2DCM(1), and L1 N (#Q1T#Q17)T# = Lo would be in DCM U2DCM(1).
This contradicts Lemma 3. O
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4.2 Non-closure Under Inverse Prefix

Theorem 3. There exists a language L such that L € DCM(2,1) and L € 2DCM(1)
(which makes only 1 turn on the input and 1 reversal on the counter) such that

pref 1(L) = LX* ¢ DCM U 2DCM(1).

Proof. Consider L = {#w# | w € {a,b,#}",|w|, # |w|,}. Clearly, L can be
accepted by a DCM(2,1) and by a 2DCM(1) which makes only 1 turn on the input
and 1 reversal on the counter.

Suppose to the contrary that pref ' (L) € DCM U2DCM(1). Then, L' € DCM U
2DCM(1), where

L' =pref ' (L) N (# {a,b, #}* #) = {#w1 - - #wp# | Fi. |wr - wi, # |wi - wily ).

We know that DCM and 2DCM(1) are closed under complement. So we can see
that L” € DCM U 2DCM(1), where we define

L =T 0 (#ab) o = a1 th gt gtabn b | m > 0}

We will show that L” is not in DCMU2DCM(1). Suppose L” is in DCMU2DCM(1).
Define two languages:

o Ly = {#1Mgp1hgp . gp1bmgpibma | m > 1, k; > 13,
o Lo = {#1Fogp1kigibgy . gihmorgibmorgeibmtt | ' > 1,k > 1}

Note that Li and Lo are similar. In L, the odd-even pairs of 1’s are the same, but
in Lo, the even-odd pairs of 1’s are the same. Clearly, if M” in DCM U 2DCM(1)
accepts L”, then we can construct (from M”) M; and My in DCM U 2DCM(1) to
accept Ly and Lo, respectively.

We now refer to the language Lo that was shown not to be in DCM U 2DCM(1)
in Lemma 3. We will construct a DCM (resp., 2DCM(1)) to accept Lg, which would
be a contradiction. Define the languages:

o Logq = {#h#o# - #Ioy | m > 1,11, , Lo, are configurations of the 2-
counter machine 7', for odd i, I;;1 is a valid successor of I;}.

® Leven = {#L#Lo# - #Iopm | m > 1,11, , Io,, are configurations of the
2-counter machine 7', for even i, I;;; is a valid successor of I;}.

Clearly, Lo = Logq N Leyen. Since DCM (rersp., 2DCM(1)) is closed under inter-
section, we need only to construct two DCMs (resp., 2DCM(1)s) Myqq and Meyen
accepting Logq and Leyen, respectively. We will only describe the construction of
M yqaq, the construction of Meye, being similar.

Case: L” not in DCM.
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First consider the case of DCM. We will construct two machines: a DCM A and a
DFA B such that L(M,yqq) = L(A) N L(B).

Let La = {#Lh#L# - #Isy | m > 1,11, , Is, are configurations of the 2-
counter machine T, for odd i, if I; = ¢;1%, then d; 1 = h(g;)d;}. We can construct a
DCM A to accept L4 by simulating the DCM M;. For example, suppose h(g;) = 3.
Then A simulates M; but whenever M7 moves its input head one cell, A moves its
input head 3 cells. If h(g;) = 1/2, then when M; moves its head 2 cells, A moves
its input head 1 cell. (Note that A does not use the 2-counter machine 7'.)

Now Let Lp = {#L#Lo# - #lom | m > 1,11, -, Ioy, are configurations of
the 2-counter machine, for odd 4, if I; = ¢;1%, then T in configuration I; ends phase
i in state g;+1}. Clearly, a DFA B can accept Lp by simulating 7' for each odd ¢
starting in state ¢; on 1% without using a counter, and checking that the phase ends
in state ¢;+1. (Note that the DCM A already checks the “correctness” of d;1.)

We can then construct from A and B a DCM M,44 such that L(Myqq) = L(A)N
L(B). In a similar way, we can construct Meyep, .

Case: L” not in 2DCM(1).

The case 2DCM(1) can be shown similarly. For this case, the machines M,4; and

Meyen are 2DCM(1)s, and machine A is a 2DCM(1), but machine B is still a DFA.
O

From this, we can immediately get the result that the right end-marker is nec-
essary for deterministic counter machines when there are at least two 1-reversal-
bounded counters. In fact, without it, no amount of reversal-bounded counters with
a deterministic machine could accept even some languages that can be accepted
with two 1-reversal-bounded counters could with the end-marker.

Corollary 4. There are languages in DCM(2,1) that are not in DCMpE.

Proof. Since DCMyg is closed under concatenation with ¥*, it follows that pref ~* (L)
from Theorem 3 is not in DCMpg. ]

4.3 Non-closure for Inverse Suffix, Outfix and Embedding

Proposition 3. There exists a language in L € DCM(1,1) such that suff '(L) ¢
DCM and suff ~}(L) ¢ 2DCM(1).

Proof. Let L be as in Theorem 2. We know DCM(1,1) is closed under pref~! by
Corollary 3, so pref (L) € DCM(1,1). Suppose suff ! (pref~'(L)) € DCM. This
implies that inf_l(L) € DCM, but we showed this language was not in DCM. Thus
we have a contradiction. A similar contradiction can be reached when we assume
suff =1 (pref ~1(L)) € 2DCM(1).

O

Corollary 5. There exists L € DCM(1,1) and regular languages R such that RL ¢
DCM and RL ¢ 2DCM(1).
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This implies that without the prefix-free condition on L; in Proposition 1, con-
catenation closure does not follow.

Corollary 6. There ezists L1 € DCMyg(0,0) (regular), and Ly € DCM(1,1), where
LlLQ ¢ DCM and L1L2 ¢ QDCM(l)

The result also holds for inverse outfix.

Proposition 4. There exists a language L € DCM(1, 1) such that outf "1 (L) ¢ DCM
and outf (L) ¢ 2DCM(1).

Proof. Consider L C ¥* where L € DCM(1, 1), suff "'(L) ¢ DCM and suff (L) ¢
2DCM(1). The existence of such a language is guaranteed by Proposition 3. Let
r=Xu{%}.

Suppose outf ! (L) € DCM. Then L' € DCM, where L' = outf~ (L) N %X*. We
can see L' = {%yx | x € L,y € ¥*}, since the language we intersected with ensures
that the section is always added to the beginning of a word in L.

However, we also have % 'L’ € DCM because DCM is clearly closed under left
quotient with a fixed word. We can see % 1L’ = {yx | x € L,y € ¥*}. This is just
suff 7! (L), so suff "}(L) € DCM, a contradiction.

The result is the same for 2DCM(1), relying on the closure of the family under
left quotient with a fixed word, which is clear. O

Corollary 7. Let m € N. There exists a language L € DCM(1,1) such that
emb™!(m, L) ¢ DCM and emb ™' (m, L) ¢ 2DCM(1).

This is similar to Proposition 4 except starting with ™1, then
emb ™ (#M L) N (#%) L = {(#%)" yx |z € Ly € £},

and so L' € DCM.

5 Summary of Results

Assume R € REG, Lpcy € DCM, and Lpcwye € DCMNE.
The question: For all L € DCM(k, 1):
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Operation | is Op(L) € DCM(k,1)? is Op(L) € DCM?
pref (L) Yes Vi,DCM(1,1) Yes for DCM(1,1)
NoVk>2,1>1 Yes L € DCMpEg
No otherwise, Vk > 2,1 > 1
suff (L) No Vk,1>1 No Vk,l >1
inf~1(L) No Vk,1 > 1 No Vk,1 > 1
outf 1(L) | NoVk,l>1 No Vk, 1> 1
LR Yes VDCM(1,1) Yes VI,DCM(1,1)
Yes if L € DCMyg Yes if L € DCMpng
No otherwise, Vk > 2,1 > 1 | No otherwise, Vk > 2,1 > 1
RL Yes if R prefix-free Yes if R prefix-free
No otherwise, Vk,l > 1 No otherwise, Vk,l > 1
LpcmL No Vk,1 > 1 No Vk,l > 1
Locmye L No Vk, [ > 1 Yes if Lpcwmye prefix-free
No Vk,l > 1 if not prefix-free

Table 1: Summary of results for DCM.

Also, for 2DCM(1), the results are summarized as follows:

There exists L € DCM(1,1) (one-way), such that suff~'(L) ¢ 2DCM(1).

(1,1) ( )

There exists L € DCM(1,1) (one-way) , R regular, such that RL ¢ 2DCM(1).
There exists L € DCM(1,1) (one-way), such that outf =1 (L) ¢ 2DCM(1).
(1,1) ( )

There exists L € DCM(1,1) (one-way), such that inf~*(L) ¢ 2DCM(1).

There exists L € 2DCM(1) with 1 input turn and 1 counter reversal, such that
pref ~1(L) ¢ 2DCM(1).

There exists L € 2DCM(1) with 1 input turn and 1 counter reversal, R regular,
such that LR ¢ 2DCM(1).

This resolves every open question studied, optimally, in terms of the number of
counters, reversals on counters, and reversals on the input tape.
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