Acta Cybernetica 19 (2009) 517-536.

Complexity of Problems Concerning Reset Words
for Some Partial Cases of Automata

Pavel Martyugin*

Abstract

A word w is called a reset word for a deterministic finite automaton .o/
if it maps all states of & to one state. A word w is called a compressing to
M states for a deterministic finite automaton o7 if it maps all states of &7 to
at most M states. We consider several subclasses of automata: aperiodic, Z-
trivial, monotonic, partially monotonic automata and automata with a zero
state. For these subclasses we study the computational complexity of the
following problems. Does there exist a reset word for a given automaton?
Does there exist a reset word of given length for a given automaton? What
is the length of the shortest reset word for a given automaton? Moreover, we
consider complexity of the same problems for compressing words.

Keywords: synchronization, automata, reset words, computational com-
plexity

1 Synchronization

A deterministic finite automaton (DFA) < is a triple (@, X, 6), where @ is a finite
set of states, X is a finite alphabet, and § : Q X X — @ is a totally defined transition
function. The function 0 extends in a unique way to an action @ x ¥* — @ of the
free monoid ¥* over ¥; this extension is also denoted by §. We denote d(g, w) by
g.w. We also define for S C Q, w € £*, §(S,w) = S.w = {qw|q € S}.

A DFA & is called synchronizing if there exists a word w € ¥* whose action
resets 7, that is, leaves the automaton in one particular state no matter at which
state in @ it started: §(q,w) = §(¢',w) for all ¢,¢" € Q. Any word w with this
property is said to be a reset or synchronizing word for the automaton.

In [1], Cerny produced for each n a synchronizing automaton with n states
and 2 input letters whose shortest reset word has length (n — 1)? and conjectured
that these automata represent the worst possible case, that is, every synchronizing
automaton with n states can be reset by a word of length (n — 1)2. The conjecture
is arguably the most longstanding open problem in the combinatorial theory of
finite automata.
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Upper bounds within the confines of the Cerny conjecture have been obtained
for the maximum length of the shortest reset words for synchronizing automata
in some special classes, see, e.g., [2, 6, 7, 9, 10, 13, 14]. Some of these classes are
considered in this paper.

One of these classes is the class of commutative DFA. An automaton &/ =
(Q,%,9) is said to be commutative if its transformation monoid is commutative,
that is, for every state ¢ € @ and for all letters a,b € X, §(q,ab) = §(q, ba). Rystsov
in [10] proved that every commutative synchronizing automaton with n states has
a reset word of length n — 1. This means that the Cerny conjecture is true for
commutative automata.

Another class of DFA considered by Rystsov in [11] is a class of automata with
simple idempotents. Let & = (Q, %, ) be a DFA. Let a € 3. If 6(Q,a) = @, then
the letter a is called a permutation. If §(Q, a?) = §(Q, a), then the letter a is called
an idempotent. If the letter a is an idempotent and |§(Q,a)] = |Q| — 1 then a is
called a simple idempotent. If for DFA o all letters are permutations or simple
idempotents, then such an automaton is called an automaton with simple idempo-
tents. Every n-state synchronizing automaton with simple idempotents admits a
reset word of length 2(n — 1)? (see [11]).

Another natural class of DFA is a class of automata with a zero state. A state
z of a DFA & = (Q, %, ) is said to be a zero state if 6(z,a) = z for all a € . Tt
is clear that a synchronizing automaton may have at most one zero state and each
word that resets a synchronizing automaton possessing a zero state must bring all
states to the zero state. A rather straightforward argument shows that any n-state
synchronizing automaton can be reset by a word of length @, see, e.g., [10].
This upper bound is in fact tight because, for each n, there exists a synchronizing
automaton with n states and n — 1 input letters which cannot be reset by any word
of length less than @ In [5] it was proved that for each integer n > 8, there
exists a synchronizing automaton with n states and 2 input letters such that the

length of the shortest reset word for this automaton is [W .

Another two classes of DFA can be defined via Greens Relations 7 and 2.
Let M be a transition monoid of some DFA /. Let U,V C M. Denote UV =
{uvlu € U,v € V}. The relations 5 and & can be defined on any monoid. Let
M Dbe a finite monoid and u,v € M then usv < uM = vM and Mu = Mu;
u9v < MuM = MvM. An automaton is called aperiodic or F-trivial if its
transition semigroup has no nontrivial J#-classes. An automaton is called Z-
trivial if its transition semigroup has no nontrivial Z-classes. Every syrzchr())nizing

n(n+1

strongly connected aperiodic automaton has a reset word of length | == ] (see

[9]). Moreover, any synchronizing aperiodic automaton has a reset word of length
n(n—1)

5

We also consider another three classes of automata. A DFA o/ = (Q,%,0) is
called monotonic if its state set admits a linear order < such that for each letter
a € ¥ the transformation 0(_, a) of Q preserves < in the sense that (¢, a) < §(¢’, a)
whenever ¢ < ¢’. Every synchronizing monotonic automaton has a reset word of
length at most n — 1 (see [6]). A DFA is called cyclically monotonic if its state set
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admits a cyclic order preserving by an action of any letter. Every synchronizing
cyclically monotonic automaton has a reset word of length at most (n — 1) (see
[2]).

A deterministic incomplete automaton is an automaton with a partial transition
function (in an incomplete automaton the value 6(g, a) can be undefined on some
pairs (g,a)). A deterministic incomplete automaton is called partially monotonic if
its state set admits a linear order < such that for each a € ¥ the partial transforma-
tion &(-,a) preserves the restriction of order to the domain of the transformation.
Every incomplete automaton o7 = (Q, ¥, d) can be transformed to a complete au-
tomaton &’ = (QU{end}, 3, d’) by an adding of one state end such that if for some
g € Q,a € X the value 6(g,a) is undefined then ¢’(¢q,a) = end. If the automaton
& is partially monotonic then we call the DFA &/’ partially monotonic too. Every
partially monotonic DFA is an aperiodic automaton with a zero state. Every syn-
chronizing partially monotonic automaton has a reset word of length at most n —1
(n—1) 4+ [252]. On the other hand, for any n > 6 there exists a 2-letter partially
monotonic DFA such that its shortest reset word has length (n — 1) + [ 252] (see

[8])-

2 Complexity

It is natural to consider computational complexity of various problems arising from
the study of automata synchronization. Most natural questions are: is the given
automaton synchronizing or not, and what is the length of the shortest reset word
for a given automaton?

In [2], Eppstein presented an algorithm which checks whether the given DFA
o = (Q,%,9) is synchronizing. This algorithm works within O(|Z| - |Q|?) + |Q|?
times bound. Moreover, for a synchronizing automaton this algorithm finds some
reset word. This word can be not a shortest reset word for <.

In [3], Salomaa proved that the following problem is NP-hard. Let a DFA &
and an integer number L be given. The question is the following: is there a word of
length < L resetting the automaton /. This problem remains NP-complete even
if the input automaton has a 2-letter alphabet.

In [4], Samotij considered another problem. Let a DFA & and an integer
number L be given. The question is the following: is the length of the shortest
reset word for automaton &/ equal to L. It turns out that this problem is NP-
hard and co-NP-hard. To prove these statements the construction from [3] can be
applied. This method gives also that the considered problem remains NP-hard and
co-NP-hard for 2-letter automata.

There is a further natural problem for DFA. Given a DFA & = (Q,%,4), we
define a rank of the word w € ¥* as the cardinality of the image of the transfor-
mation §(-,w) of the set @. (Thus, in this terminology reset words are exactly
the words of rank 1). In 1978 Pin conjectured that for every M, if an n-state
automaton admits a word of rank at most M, then it also has a word with rank
at most M and of length (n — M)?. But Kari [12] has found a counterexample in
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the case n — M = 4. Let some word have a rank M in the automaton <. Then
we say that this word compresses the automaton <7 to M states. We consider the
complexity of the problem of finding the length of the shortest word compressing
a given automaton to M states.

In the present paper we consider these problems for partial cases of the DFA.
We give a denotation to any considered class of DFA. Let

e DFA be the denotation of the class of all DFA,

e COM be the denotation of the class of commutative automata,

o SIMPID be the denotation of the class of automata with simple idempotents,
e APER be the denotation of the class of aperiodic automata,

e 2-TRIV be the denotation of the class of Z-trivial automata,

e MON be the denotation of the class of monotonic automata,

e PMON be the denotation of the class of partially monotonic automata,

o ZERO be the denotation of the class of automata with a zero state.

Let C be some class of DFA. Let us give formal definitions of the following
problems.

Problem: SYN(C)
Input: A DFA & = (Q, X, ) from the class C.
Question: Is there a reset word w € ¥* for the automaton /7

Problem: SYN(C,< L)
Input: A DFA & = (Q,X%,9) from the class C and an integer L > 0.
Question: Is there a reset word w € ¥* of length < L for the automaton <77

Problem: SYN(C,= L)

Input: A DFA & = (Q,X,0) from the class C and an integer L > 0.

Question: Does the shortest reset word w € ¥* for the automaton &/ have
length L?

Problem: COMP(C,M,< L)
Input: A DFA & = (Q, X%, 6) from the class C and integers M, L > 0.
Question: Is there a word w € ¥* of length < L such that |§(Q,w)| < M?

Problem: COMP(C,M,= L)

Input: A DFA & = (Q, X%, 9) from the class C and integers M, L > 0.

Question: Does the shortest word w € X* such that |§(Q,w)| < M have
length L?
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In applications automata usually have not an arbitrary alphabet, but an alpha-
bet of fixed size. If the input of some PROBLEM contains only automata having
an alphabet of size < k for some fixed k, then we call such a problem k-PROBLEM
(for example, k-SY N(ZERO)).

Let the DFA o7 = (Q,%,9), |Q| = n,|X| = k and the integer L > 0 be input
data. In this paper we obtain the following results.

e The problems SYN(ZERO), SYN(2-TRIV), SYN(MON),
SYN(PMON) can be solved in time O(nk).

e The problems SYN(ZERO,< L), SYN(APER,< L), SYN(Z-TRIV,<
L), SYN(PMON,< L) are NP-complete together with the corresponding
k-problems for k£ > 2.

e The problems SYN(ZERO,= L), SYN(APER,= L), SYN(2-TRIV,=
L), SYN(PMON,= L) are NP-hard and co-NP-hard together with the cor-
responding k-problems for k& > 2.

e The problem SY N(COM) can be solved in time O(knlnn).
e The problem SY N(COM, < L) is NP-complete.

e The problem k-SYN(COM, < L) for some fixed k > 1 can be solved in time
O(n¥lnn).

e The problem SY N(COM,= L) is NP-hard and co-NP-hard.

e The problem k-SYN(COM,= L) for some fixed k > 1 can be solved in time
O(n¥lnn).

e The problem SY N(SIMPID,< L) is NP-complete.

e The problem 2-SY N(SIMPID,< L) can be solved in time O(n).
e The problem SYN(SIMPID,= L) is NP-hard and co-NP-hard.
e The problem 2-SYN(SIMPID,= L) can be solved in time O(n).

e The problems COMP(MON,M,< L) and k-COMP(MON,M,< L) for
k > 2 are NP-complete.

e The problems COMP(MON,M,= L) and k-COMP(MON,M,= L) for
k > 2 are NP-hard and co-NP-hard.

The problems SYN(APER) and SYN(SIMPID) can be solved in time
O(kn?) because these problems can be solved in such time for arbitrary input
DFA (not necessarily aperiodic or automata with simple idempotents), see [2].
It follows from [2] that the problems SYN(MON,< L) and SYN(MON,= L)
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can be solved in time O(kn?) (the algorithm from [2] works with cyclically mono-
tonic automata; any monotonic automaton is cyclically monotonic). The only open
question is what is the complexity of the problems k-SY N(SIMPID,< L) and
k-SYN(SIMPID,= L) for fixed k > 27

For the sequel, we need some notation. We denote by |Q| the cardinality of a
set Q. We denote the set of all subsets of a set Q by 29. For a word w € {a, b}*,
we denote by |w| the length of w and by w[i], where 1 < i < |w|, the i*" letter in
w from the left. If 1 < ¢ < j < |w|, we denote by w[i, j] the word wli] - - - w[j].

3 Checking the synchronizability

Proposition 3.1. Let C be a subclass of DFA, then
1. The problems SYN(C) and k-SYN(C) for k > 1 can be solved in time O(n?k),

where n is a number of states, k is an alphabet size.
2. The problems SYN(C,< L) and k-SYN(C,< L) for k > 1 belong to NP.

Proof. From [2] we have that the problem SYN(DFA) can be solved in time
O(n%k). From [3] we have that the problem SY N(DF A, < L) belongs to NP. The
problems SY N(C) and k-SY N(C) are partial cases of the problem SYN(DFA).
Therefore they can be solved in time O(n?k) too. The problems SY N(C,< L)
and k-SY N(C, < L) are partial cases of the problem SYN(DFA, < L). Therefore
these problems belong to NP. O

Proposition 3.2. The problem SY N(ZERO) can be solved in time O(nk), where
n is a number of states, k is an alphabet size.

Proof. We construct an algorithm checking whether the DFA o is synchronizing or
not. Let g be a zero state in automaton /. Our algorithm is a breadth first search
from the state gg in the automaton /. We move along the arrows in back direction.
If some state ¢ € @ was not visited during the search, then the automaton is not
synchronizing, because there is no word w € ¥ such that q.w = qg. Otherwise
the automaton is synchronizing. Every arrow can be used no more than once
during the search. Therefore, the complexity of the algorithm is O(nk), because
the automaton & contains exactly nk arrows. O

Proposition 3.3. The problems SYN(Z-TRIV) and SYN(PMON) can be
solved in time O(nk), where n is a number of states, k is an alphabet size.

Proof. Any Z-trivial automaton is #Z-trivial. For every Z-trivial automaton o/ =
(Q,%,0) the linear order < can be defined on the set @ such that for any ¢ €
Q,a €%, ga>q Let @ ={1,...,n} and 1 < 2 < ... < n, then for any word
w € X*, n.w = n. Therefore, the state n is a zero state in the automaton <. From
Proposition 3.2, we have that the problem SY N(Z-TRIV') can be solved in time
O(nk).

There is a state end in any partially monotonic DFA. The state end is always a
zero state. Therefore, any partially monotonic automaton has a zero state. Hence,
the problem SYN(PMON) can be solved in time O(nk). O
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Proposition 3.4. The problem SYN(MON) can be solved in time O(nk), where
n is a number of states, k is an alphabet size.

Proof. The automaton &7 is monotonic, therefore there is a linear order < on the
set @ such that for any q1,¢2 € @ and a € ¥ if ¢ < g2 then ¢1.a < ¢2.a. Let Q =
{1,...,n}and 1 <2 < ... < n, then for any word w € ¥*, l.w <2.w < ... < naw.
Therefore, a word w is synchronizing if and only if 1.w = n.w.

Let p = max{q € Q|3w € ¥*,1.w = ¢q}. Let v € ¥* such that 1.v = p. If
n.w > p for every word w € ¥* then n.w > p > l.w by the choice of p, therefore
the automaton &7 is not synchronizing. If there is a word u € ¥* such that n.u < p,
then the word uv resets the automaton < into the state p (because for any ¢ € @,
guv < nuww < pw < p, and guv > lLuv > 1.v = p). Our algorithm finds words
u and v. The letter u[l] can be found in time O(k), then the letter u[2] can be
found in time O(k) and so on. Therefore, the word u can be found in time O(nk).
The word v can be found in the same way in time O(nk). Hence, the problem
SYN(MON) can be solved in time O(nk). O

4 Finding the length of the shortest reset words

We will use the classical NP-complete problem SAT to prove the NP-hardness of
different problems.

Problem: SAT

Input: A set of Boolean variables x1,...,z, (the value of any variable can
be 0 or 1) and a set of p Boolean expressions (which are called clauses) of kind
ci(xr, . en) = yi V... Vyh, i € {1,...,p} where yi € {zgl € {1,...,n}} U
{—xell € {1,...,n}}.

Question: Is there values for variables z1,...,z, € {0,1} such that for any
ie{l,...,p}, ci(x1,...,zy) =17

In [3] and [4] the complexity of the problems SYN(DFA,< L) and
SYN(DFA,= L) were considered. In the next proposition we formulate these
results and recall a construction from the proof of these results (the construction
is taken from [3]).

Proposition 4.1.

1. The problems SYN(DFA,< L) and k-SYN(DFA,< L) for k > 2 are
NP-hard.

2. The problems SYN(DFA,= L) and k-SYN(DFA,= L) for k > 2 are
NP-hard and co-NP-hard.

Proof. 1. The problems SYN(DFA,< L) and k-SYN(DFA,< L) for k > 2
belong to NP (see Proposition 3.1).

We reduce the problem SAT to the problem 2-SYN(DFA, < L). Let the set of
clauses ¢1(z1,...,%n), .., cp(x1,...,Ty,) over the variables z1,...,z, be an input
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of the problem SAT. We are going to construct a 2-letter automaton 4, =
(Q,{a,b},d) and a number L. Let X = {a,b}, Q@ = {q(m,i)]i € {1,...,p},m €
{I,n+1}U{end}. Letie{1,...,p},m e {l,...,n}, then

(m,i).a end, if x,, is contained in ¢; without —
aim,t).a = q(m +1,14), otherwise ’
N end, if =2, is contained in ¢;
q(m,i)-b = { g(m+1,1), otherwise

Forie{l,...,p}, let ¢(n+1,4).a = q(n+ 1,i).b = end, end.a = end.b = end. We
put L =n.

An example of the automaton @, is represented by the Figure 1. The action
of the letter a is denoted by solid lines. The action of the letter b is denoted by
dotted lines. The figure contains three columns of states. In the i-th column there
are states of kind g(m, ) for fixed i. In any horizontal row there are states of kind
g(m, 1) for some fixed m.

Tq \ ) To vV —T3 X1 vV R
z1

Figure 1: Automaton g, for clauses z1 V -2, 2 V ~x3, ~21 V —23

It is easy to see that the automaton @7;, has polynomial size. It follows from
[3] that there exists a reset word of length L for the automaton <7;, if and only
if there exist values of the variables z1,...,x, such that ¢i(z1,...,2,) = ... =
cp(21, ..., 2,) = 1. Therefore, the problem 2-SY N(DF A, < L) is NP-complete.

Let k > 2. The problem 2-SYN(DFA, < L) reduces to the problem
k-SYN(DFA, < L) with adding k — 2 new letters. Any new letter acts identically
on the set of states. Moreover, the problem 2-SYN(DFA, < L) is a partial case
of the problem SYN(DFA,< L). Therefore, the problems SYN(DFA, < L) and
k-SYN(DFA, < L) for k > 2 are NP-complete.

2. The proof of the NP-hardness of the problems SYN(DFA,= L) and k-
SYN(DFA,= L) for k > 2 is the same. To prove the co-NP-hardness we should
construct the automaton .7z, again using the clauses c;,...,c,. Now we put
L = n+ 1. Then we ask: does the shortest reset word for the automaton 2,
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has length L. The length of the shortest reset word for the automaton /g, is less
or equal to L = n + 1, because there are only n + 1 rows of states and the state
end in the automaton 7, and every letter maps every state from the some row
to a state from the next row or to the state end. The shortest reset word for the
automaton o, has length L if and only if there are no values for the variables
Z1,...,&y such that ¢i(z1,...,2,) = ... = ¢p(z1,...,2,) = 1. Therefore the
problems SYN(DFA,= L) and k-SYN(DFA,= L) for k > 2 are co-NP-hard. O

Now we consider the same problems for some subclasses of automata. It is very
easy to prove the NP-hardness for these subclasses because the automaton o4,
belongs to each of these classes.

Proposition 4.2. 1. The problems SYN(ZERO,< L), SYN(APER,< L),
SYN(2-TRIV,< L), SYN(PMON,< L) are NP-complete together with the cor-
responding k-problems for k > 2.

2. The problems SYN(ZERO,= L), SYN(APER,= L), SYN(2-TRIV,=
L), SYN(PMON,= L) are NP-hard and co-NP-hard together with the correspond-
ing k-problems for k > 2.

Proof. Let us prove that the DFA <y, = (Q,{a,b},0) is a P-trivial, aperiodic,
partially monotonic automaton with a zero state. Is can be easily proved that the
state end is a zero state in the automaton #ys,. Therefore o7y, is an automaton
with a zero state.

Now we prove that the automaton ;. is partially monotonic. Let us define
the linear order < on the set Q\{end}. We put ¢(mq,i1) < g(ma,iz), if i1 < ig,
or i1 = i and my < mg. It is easily proved that if ¢,¢" € Q\{end}, ¢ < ¢’ and
a € {a,b} such that gq.oo # end and ¢'.o # end then ¢g.a < ¢’.ce. Therefore o7y, is
partially monotonic.

Now we prove that the automaton i, is Z-trivial. Let M be a transition
monoid of the DFA /,. Let words uw,v € X* act on the state ) as different
transitions. This means that there is a state ¢ € @ such that q.u # q.v. It is easy
to see that ¢ # end, therefore ¢ = g(m,1) for some m € {1,...,n},i € {1,...,p}.
We put g(n+2,4) = end for any i € {1,...,p}. From the definition of the ., we
have that q.u = q(m1,4) and q.v = g(ma, i) for some my # ms. Let my < ma. Let
us take f,g € M. The state ¢.fvg is equal to g(ms,4) for some mz > ma > my.
Hence, fvg # Aul, for any f,g € M, where X\ is an empty word. Therefore,
MuM # MvM and (u,v) ¢ 2. Thus, the automaton oy, is Z-trivial. Every
P-trivial automaton is aperiodic, therefore @, is aperiodic. O

5 Commutative automata

Proposition 5.1. The problem SYN(COM) can be solved in time O(knlnn),
where n = |Q)|, k = |X|.

Proof. Let ¥ = {ay,...,ar}. Every synchronizing commutative DFA &/ with n
states can be synchronized by a word of length n — 1 (see [10]). Whence, there
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exists a reset word for the automaton &7, containing at most n — 1 occurrences
of the letter a;, at most n — 1 occurrences of the letter as, and so on. If we add
one extra letter to a reset word then we obtain a reset word again. Moreover, the
letters contained in a reset word can be permuted and the obtained word will be

a reset word again. Therefore, the word w = a} 'ay~'...a}" synchronizes every
n-state automaton with alphabet {a1,...,ar}. It means that |Q.w| =1 if and only

if the automaton .o/ is synchronizing. The value Q.w can be calculated in time
O(knlnn), using the famous idea of the fast power calculation.

If the transformation defined by some word u is known, then for every set
S C @, the set S.u can be calculated in time O(n). Let a € ¥. The transformation
defined by the word a"~! can be calculated in time O(nInn) using the fast power
calculation. Therefore, if we already know the set Q.a?71a§71 o a;-’:ll, then the
calculation of the set Q.a" tay™'. .. a}’:lla;’_l takes time O(nlnn). Whence, the
set Q.w can be calculated in time O(knInn). When all the calculations are finished,
we should look at the cardinality of the set Q.w. If |Q.w| = 1, then the automaton
&/ is synchronizing, if |Q.w| # 1, then &7 is not synchronizing. The proposition is
proved. O

Proposition 5.2. Let k > 1, then the problems k-SYN(COM,< L) and k-
SYN(COM,= L) can be solved in time O(n*Inn), where n = |Q).

Proof. Every synchronizing commutative automaton & = (Q, X, ) with n states
has a reset word of length at most n—1. Let ¥ = {aq,...,ax}. If we take a shortest
reset word and place its letters in the alphabetic order, we obtain a shortest reset
word of kind af'a5?...a;*. Therefore we can search a shortest reset word among
the words of this kind and length at most n — 1.

If the numbers si,...,sx—1 are fixed, then the set Q.aj'a3? ...aZ’“_’ll can be
found. For fixed numbers s1,...,8,_1, the number s; can be found by the bi-

nary search as a minimal s such that |Q.aj*a3?...a;"'aj| = 1. Every set of

the form Q.aj'a3®...a* ' and the sets Q.aj'a3®...a; (which appear during the
binary search) can be calculated in time O(knlnn) using the fast power calcu-
lation. The number k is fixed, hence O(knlnn) = O(nlnn). Therefore, the
shortest reset word of language aj'as3?...a; can be found in time O(nlnn) for
every vector (s1,...,85—1) with 81 + ...+ sgx—1 < n. The number of these vec-
tors is (";gff) = O(n¥=1). To find the answer, the length of the shortest reset
word should be compared with L. The complete working time of the algorithm is

O(n*Inn). The proposition is proved. O

Proposition 5.3. The problem SYN(COM,< L) is NP-complete. The problem
SYN(COM,= L) is NP-hard and co-NP-hard.

Proof. Let us consider the proof of NP-completeness of the problem
SYN(DFA,< L) from [4] (it is called there SYNCH WORD). We prove that the
automaton from this proof is commutative. We reduce the problem SAT to the
problem SYN(COM, < L). Let the set of clauses

c1(x1,... %), .., cp(x1,...,z,) over the boolean variables x1, ..., z, be an input
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of the problem SAT. We are going to construct an automaton .., = (Q,%,J)
and a number L such that there exists a reset word of length L for the automaton
Heom if and only if there exist values of the variables x4, ..., x, such that
1(x1,. . mn) =1, 0, cp(m1, .. zp) = 1

Let eom = (Q,%,0), where Q = {v1,...,Vn, @1, -, Gp, end},
¥ ={a1,b1,...,an,b,}, and the function § is the following:

Form € {1,...,n}, Um.Gm = Up.by, = end,
for j € {1,...,n}, j #m, Un.a; = Upn.b; = U,
Forie {1,...,p}, me{1,...,n},

end, if x,, is contained in ¢; without —
qi-Gm =

)

qi, otherwise

)

- end, if —x,, is contained in ¢;
%i-Om = g;,  otherwise
For m € {1,...,n}, end.a,, = end.b,, = end.

An example of the automaton 7., for clauses r1V—xo, xoV—r3 and —x1V-xs is
represented by Figure 2. We put L = n. It is evident that the size of the automaton
Heom 1s polynomial with respect to the input size.

X1 _|172\/561

a27b2)a3)b3 .@ @. a27blaa/3ab3

€2

alabl,a3,b3@

T3

ay, by, az, by (C(v3) (4], ) a1, az,bs, a3

Figure 2: Automaton ., for clauses x1 V —xs, o V -3, 1 V -3

There is no letter which maps the state end to another state. Whence, the
automaton .., can be synchronized only to the state end and the states vy, ..., v,
should be mapped to the state end. Therefore, for every m € {1,...,n} one of the
letters a,, and b, should be used. This means that there is no reset word of length
less than n.
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Let there exist values of the variables z1,...,z, such that ¢;(x1,...,2,) =
1,...,¢cp(z1,...,2,) = 1. Consider the word w of length n where

Qm, oz, =1
wlm] = { be if 2 =0 for m e {1,...,n}.

For every i € {1,...,p}, ¢i(z1,...,2,) = 1. Therefore there exists a number m
such that x,, without — is contained in ¢; and z,, = 1, in this case w[m| = am;
or —x,, is contained in ¢; and x, = 0, in this case w[m] = b,,. In both cases
¢i-w[m] = end. Therefore Q.w = {end}.

Assume that there exists a reset word w of length n for the automaton o7.,,,.
For each m € {1,...,n} there exists one and only one of letters a,, and b, in the
word w. We put

A { 1, if a,, is contained in w
™71 0, if by, is contained in w

If the letter a,, maps the state g; to the state end, then the value xz,, = 1 provides
¢; = 1. If the letter b, maps the state ¢; to the state end, then the value z,,, =0
provides ¢; = 1. Thus ¢1(z1,...,2,) =1,...,¢p(z1,...,2n) = L.

Now we prove that the automaton 27.,,, is commutative. Let o, § € X.

e Let m € {1,...,n}. If a & {am,bn} and 5 ¢ {am,bm}, then v,.af =
V- B = Uy, €lse vy.aff = vy,.Ba = end.

o Let i € {1,...,p}. If g;.« # end and ¢;..0 # end, then ¢;.af = ¢;.Ba = ¢,
else ¢;.af8 = g;.fa = end.

o end.af = end.fa = end.

Whence the automaton <., is commutative.

For any synchronizing commutative automaton & = (Q,X,0) the length of
the shortest reset word does not exceed |Q] — 1 (see [10]). This means that if
L > |Q| — 1, then for solving problem SYN(COM,< L) it is enough to check
whether the automaton is synchronizing. It can be done in polynomial time. Thus,
the problem SY N(COM, < L) is contained in the class NP.

The proof of the NP-hardness of the problem SYN(COM,= L) is the same.
Our proof of the co-NP-hardness and the proof from [4] are different (the proof
from [4] is more complicated). To prove the co-NP-hardness we should construct
the automaton 7., again using the clauses cy, ..., c,. Now we put L = n+1. Then
we ask the question: is it correct that a shortest reset word for the automaton 27.,,,
has length L. The shortest reset word for the automaton .o, has length L if and

only if there are no values for the variables x1,...,x, such that ¢y (z1,...,2,) =
...=c¢p(x1,...,xn) = 1. Therefore the problem SY N(COM,= L) is co-NP-hard.
The proposition is proved. O

Thus, the problems k-SYN(COM,< L) and k-SYN(COM,= L) for a fixed
number k£ > 1 can be solved in polynomial time, but at the same time the problems
SYN(COM,< L) and SYN(COM,= L) are hard.
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6 Automata with simple idempotents

A construction similar to the construction of the automaton 27,,,, can be used to
estimate the computational complexity of problems stated for the class of DFA with
simple idempotents. As for commutative automata, the complexity of the problems
SYN(SIMPID,< L) and SYN(SIMPID,= L) differ from the corresponding 2-
problems.

Proposition 6.1. The problem SYN(SIMPID,< L) is NP-complete. The prob-
lem SYN(SIMPID,= L) is NP-hard and co-NP-hard.

Proof. We reduce the problem SAT to the problem SYN(SIMPID,< L).

Let the input of the problem SAT is a set of clauses ¢q(x1,...,Zn),- ..,
cp(T1,. .., xy,) over the variables z1,...,x,. We are going to construct an automa-
ton ;4 = (@, %,0) and a number L such that there exists a reset word of length
L for the automaton ;4 if and only if there exist values of the variables z1,. ..,z
such that ¢1(z1,...,20) =1,...,cp(x1,...,2y) = 1.

Let “siq = (Q,%,0), where Q = {v1,...,0n,q1, -+ qp, Uy T1, ..., Tp,end}, B =
{a1,b1,...,an,bn, 2,91, .., Yp}, and the function ¢ is the following:

Form € {1,...,n}, Um.Gm = V. = 4, w.ap, = w.by, = vy

For j € {1,...,n}, j #m, vy.a; = vp.bj = vy,

Forie{l,...,p}, me{l,...,n},
if x,, is contained in ¢; without —, then ¢;.a,, = r;, 7.0 = ¢;
else ¢;.am = q;, Ti.Qp =715
if -z, is contained in ¢;, then ¢;.b,, = r;, 7:.b;, = ¢;
else ¢;.b,, = q;, 7i.b =15

end, ifg=u
Forqe Q, q.z = { q, otherwise

. _J end, ifqg=m;
Forie{l,...,p},and q € Q, q.y; = { " otherwise

Forme {1,...,n},i€{1,...,p}, end.ay, = end.b,, = end.y; = end.z = end.

An example of the automaton ;4 for clauses x1 V —xo, 2V —x3 and —x1 V —x3
is represented by Figure 3. We put L = 2n + 2p + 1. It is obvious that the size
of the automaton 7,4 is a function with respect to the input size. The letters
ai,...,an,b1,...,b, are permutations of the set (), the letters z,y1,...,y, are
simple idempotents. Whence &7;4 is an automaton with simple idempotents.

The state end can be mapped only to the state end. Therefore the automaton
;g can be synchronized only to the state end. The automaton ;4 contains
n + 2p + 2 states. At most one state (except end) can be mapped to the state end
under an action of one letter. The only letters that map some states to the state
end are z,Yy1,...,Yp. This means that every reset word should contain at least
n+2p+1 letters from the set {z, y1,...,y,}. Furthermore, a word maps the states
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S\{y1,a1,be}  ¥\{a1, b2}

Figure 3: Automaton 74 for clauses x1 V —x2, o V —x3, 1 V 0x3

v1,...,U, to the state end only if it contains a letter from every pair {a,, b, } for
m € {1,...,n}. Therefore there is no reset word of length less than 2n + 2p + 1.

Let there exist values of the variables z1,...,x, such that ¢i(x1,...,2,) =
... =c¢p(x1,...,2,) = 1. We construct a word w € £* of length 2n + 2p + 1. We
put w[l,p+ 1] = zy1...y,. The states u,r1,...,r, map to the state end under

the action of the word w[l,p + 1]. We put wlp + 2] = { Zl’ g il i(l) and
1, 1 —
wlp + 3] = z. In this case the state v; also maps to the state end. Let after the
variable x; get value, t; of clauses ¢;, (1), ..., ¢;, (+,) become true (=1 independently
of the values of x3,...,2,). Then we put wlp +4,p+t1 + 3] = vi,(1) -+ Yir (1)
and the states g, (1),---,Gi,(r;) map to the state end. In the same way, we put
wlp+t;+4] = a2 ?f zp =1 and w[p+t1+5] = z. Let then the variable x5 get
b2, if To = 0
value, tp of the clauses c;, (1), . ., Cj,(,) become true (we consider only the clauses

been false before the variable x5 get a value). We put w[p+t1+6,p+t; +t2+5] =
Yio(1) - - - Yis(ta)- We Tepeat this process for all variables. For every variable x; a
number ¢; is defined. All the clauses becomes true after all the variables get their
values. Therefore t; + ... + t, = p, and the length of the word w is equal to
2n + 2p + 1. Furthermore, Q.w = end.

Assume that there exists a reset word w of length 2n + 2p + 1 for the automa-
ton ;4. If w is a reset word, then it contains at least n + 2p 4+ 1 letters from

the set {z,41,...,yp} and just one letter from every pair {am,b,}. The states
qi,--.,qp map to the states r1,...,7r, under the action of word w, because for
each m € {1,...,n} the letter a,, or the letter b,, is contained in w. We put

1 : . .
T = { 0’ if ap, is contained in w ,m € {1,...,n}. If the letter a,, maps the

if b,, is contained in w
state ¢; to r;, then the equality x,, = 1 provides ¢;(z1,...,z,) = 1; if the letter
b, maps the state ¢; to r;, then the equality x,, = 0 provides ¢;(z1,...,z,) = 1.
Thus all the clauses are true.



Complexity of Problems Concerning Reset Words 531

A length of every reset word for the given synchronizing automaton & =
(Q,%,6) with simple idempotents does no exceed 2(|Q| — 1)? (see [11]). It means
that if L > 2(|Q| — 1)2, then it is enough to check whether the automaton is syn-
chronizing. It can be done in polynomial time. We can check in polynomial time
whether the word w € ¥* of length L is a reset word for the automaton /. Thus,
the problem SYN(SIMPID,< L) is in the class NP.

The proof of the NP-hardness of the problem SYN(SIMPID,= L) is the
same. To prove the co-NP-hardness we should construct the automaton 7,4 again
using the clauses ci,...,¢, and put L = 2n + 2p + 2. The shortest reset word
for the automaton 7;; has length L if and only if there are no values for the
variables x1, . .., z, such that ¢;(x1,...,2,) = ... = ¢p(x1,...,2,) = 1. Therefore,
SYN(SIMPID,= L) is co-NP-hard. The proposition is proved. O

Proposition 6.2. The problems 2-SY N(SIMPID), 2-SYN(SIMPID,< L) and
2-SYN(SIMPID,= L) can be solved in time O(n), where n = |Q)|.

Proof. Let us consider the automaton & = (Q, {a, b}, ) and let |Q| =n. If a and b
are permutations, then for n > 1 the automaton &7 is not synchronizing. If ¢ and b
are simple idempotents, then for n > 3 the automaton &7 is not synchronizing too.
All variants of the automaton for n < 3 can be easily considered in a constant time.
Therefore, we can assume that a is a simple idempotent and b is a permutation.

Let ¢1.a = g2 # q1 for q1,q2 € Q. The permutation b can be represented as a
product of simple cycles. If the permutation b consists of more than two cycles,
then the automaton <7 is not synchronizing, because the letter a can merge states
from at most two cycles. Let b consists of two cycles. In this case the states ¢; and
@2 should contain in different cycles C7 and C5. Moreover, if the cycle C5 consists of
more then one state, then the automaton o is not synchronizing, because different
states from the cycle Co cannot be merged. In this case the automaton .2/ looks
like the automaton represented by Figure 4.

Figure 4: Automaton with two cycles
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It is not difficult to check that the word a(ba)"~2 is a shortest reset word for
&/ in this case.

Let the letter b act on the set Q as a single cycle. Let @ = {1,...,n}, ¢ =1,
g2 = p for some p € {1,...,n}, and n.b =n—1,...,2.b = 1,1.b = n. Such an
automaton is represented by Figure 5.

Figure 5: Automaton with one cycle

For ¢ = n, the automaton 7 is a Cerny automaton with n states described
in [1]. Is it not difficult to obtain that if ged(n,p) > 1 then the automaton <7 is
not synchronizing. If ged(n,p) = 1, then the word a(b?~1a)"~? is a shortest reset
word for the automaton 7. The proof of this fact is very similar to the proof from
[1] (in [1] it was proved that the word a(b" 'a)"~? is a shortest reset word for the
Cerny automaton). We skip this proof here.

Let an automaton < be given. There exists a very simple algorithm taking
time O(n) and checking whether the automaton 7 can be represented by Figure
4 or by Figure 5. This algorithm finds the states ¢; and ¢o, calculates the length
of cycles of permutation b. If the states q; and ¢o are contained in one cycle, then
the algorithm also finds the distance between ¢; and ¢o along the cycle. Finally,
the algorithm compares one of the values a(ba)"~? (for the case of two cycles) and
a(b?P~ta)"=2 (for the case of one cycle) with the number L. The proposition is
proved.

O

Thus, the problems 2-SYN(SIMPID,< L) and 2-SYN(SIMPID,= L) can
be solved in polynomial time, but at the same time the problems SY N(SIMPID, <
L) and SYN(SIMPID,= L) are hard. The question about the computational
complexity of the problems k-SY N(SIMPID,< L) and k-SYN(SIMPID,= L)
for k > 2 is open.
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7 Finding the length of shortest compressing
words

It was proved in [2] that the shortest synchronizing word for a given k-letter cycli-
cally monotonic automaton with n states can be found in time O(n?k). Every mono-
tonic automaton is cyclically monotonic too. Hence the problems SYN(MON, <
L), k-SYN(MON,< L), SYN(MON,= L) and k-SYN(MON,= L) for k > 1
can be solved in time O(n2k), i.e. in polynomial time. But there are problems
concerning synchronization of the monotonic DFA which cannot be solved in poly-
nomial time (if P # NP).

In the proof of the next proposition we use a token model of synchronization.
Let & = (Q,%,0) be a DFA and w € ¥*. Suppose that at the beginning there is
a token on any state from ). We apply letters of the word w step by step. The
action of the letter a € ¥ moves the token from the state ¢ € @ to the state §(g, a).
If two tokens arrive at one state, then one of them must be removed. If after the
action of the word w there is only one token on the set ), then the word w is a
reset word. If after the action of the word w there are M tokens on the states of
the set @, then the word w compresses the automaton & to M states.

Proposition 7.1. 1. The problems COMP(MON,M,< L) and
kE-COMP(MON,M,< L) for k > 2 are NP-complete.

2. The problems COMP(MON,M,= L) and k-COMP(MON,M,= L) for
k > 2 are NP-hard and co-NP-hard.

Proof. Tt can be checked in polynomial time, whenever a given word compresses a
given DFA to M states. Hence, the problem COMP(MON, M,< L) belongs to
NP. If we prove the NP-hardness of the problem 2-COMP(MON, M, < L) then
the NP-completeness of the problems COMP(MON, M, < L) and
k-COMP(MON, M,< L) for k > 2 will be proved as well.

We reduce the problem SAT to the problem 2-COMP(MON,M,< L). Let
the input of the problem SAT is a set of clauses ¢1(z1,...,%n), .-, cp(T1,...,Tp)
over the variables z1,...,z,. We are going to construct a 2-letter automaton
Gnon = (@, {a,b}, ) and the numbers M and L such that there exists a word of
length L compressing the automaton 47,,,, to the M states if and only if there exist
values of variables x1,...,2, such that ci(21,...,2,) = ... = cp(z1,...,2,) = 1.

Let ¥ = {a,b}, Q@ = {q(m/,d)]i € {1,...,p},m' € {1,2n + 2}}. Let i €
{1,...,p},m e {1,...,n}, then

1o a@m+2,40), if z,, is contained in ¢; without —
q(2m —1,i).0.= { q(2m +1,1), otherwise
1o ) a@m+2.4),  if -y, is contained in ¢
g(2m —1,4).b= { q(2m + 1,4), otherwise
q(2m,i).a = q(2m + 2,1),q(2m,i).b = ¢(2m + 2,1).
q2n+1,7).a = q2n + 1,i).b = ¢(2n + 2,4).a = ¢(2n + 2,7).b = q(2n + 2,1).
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1V Xy oV -x3y X1V Iy
Z1

)

€3

Figure 6: Automaton &%,,, for clauses x1 V —xo, x2 V 73, 721 V 23

We also put M = p, L = n. An example of the automaton o, is represented by
Figure 6. The action of the letter a is denoted with solid lines. The action of the
letter b is denoted with dotted lines. The figure contains three columns of states.
In the é-th column there are states of kind ¢(m, ) for fixed . In any horizontal row
there are states g(m, i) for some fixed m.

We define a linear order < on the set ). We put

qg(mai,i1) < q(ma, i), if i1 < ig, or iy =iy and my < my.

It is not difficult to verify that for each letter a € ¥ the transformation d(_, a) of
the set @@ preserves <. Thus, the automaton <7,,, is monotonic. The size of the
automaton %7,,,, is a polynomial in common number of clauses and variables.
The set @ can be represented as a table with p columns and 2n + 2 rows. In
the i-th column K there are states of kind ¢(%,4), in the m-th row R,, there are
states of kind ¢(m, *). Suppose that there is a token on every state of the set @ at
the start of the synchronization. If some word compresses the automaton 27, to
p states, then it moves all tokens to the states ¢(2n + 2,1),...,¢(2n + 2, p), i.e. to
the 2n + 2-th row. Let some token be in the row R,,, m € {1,---,2n}. This token
can be moved to the row R,,,+2 or to the row R,, 3 under the action of some letter.
Thus, if ¢ € RoU...URap12 and w € %, |w| = n, then g.w € Ra,12. Therefore, a
word w of length n compresses the automaton &, if and only if R;.w = Rap4o.
Let there exist values of the variables z1, ..., x, such that ¢y (z1,...,2,) = ... =
ep(T1,. .y xn) = L Consider a word w of length n such that
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b, ifx, =0
minimal number from the set {1,...,n} such that z,, = 1 and z,, is contained in
¢; without —, or z,, = 0 and —x,, is contained in ¢;. Then

wlm] = { a, Hazpn=1 for m € {1,...,n}. Let i € {1,...,p}. Let m be a

q(1,4).w[l] = q(3,7),q(3,1).w[2] = ¢(5,7)...q(2m — 3,7).w[m — 1] = q(2m — 1,1)
q(2m — 1,i).w[m] = q(2m + 2, 1)
q(2m +2,i).wlm + 1] = g(2m + 4,1), ... q(i,2n).w[n] = q(i,2n + 2)
Therefore, R;.w = Rap42 and |Q.w| =p = M.

Let there exist a word w € ¥* of length n such that |Q.w| = p. In this case
Quw = {qg(2n +2,1),...,9(2n + 2,p)}. We put x,, = { (1): g;ﬁz% ;Z . Let
i € {1,...,p}, then ¢(1,i).w = q(2n + 2,i). Let us consider a token from the
state ¢(1,4). If each letter of the word w moves this token from row with number
j to row with number j + 2, then after applying the word w the token cannot
be on the state g(2n + 2,7). Therefore, there is an m € {1,...,n} such that
q(2m — 1,4).w[m] = q(2m + 2,4). This holds only if the variable z,, is contained
in ¢; without = and «,, = 1; or —x,, is contained in ¢; and x,, = 0. In this case
Ci(l‘l, ce ,J)n) =1.

2. The statement can be proved using the idea of the proof of the NP and
co-NP-hardness of the problem 2-SYN(DFA). But in this case idea should be
applied to the automaton 2,y . O
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