THE WORD PROBLEM FOR w-TERMS OVER DA

A. MOURA

ABSTRACT. In this paper, we solve the word problem for w-terms over DA. We
extend to DA the ideas used by Almeida and Zeitoun to solve the analogous
problem for the pseudovariety R applying also a representation by automata of
implicit operations on DA, which was recently obtained by the author. Consid-
ering certain types of factors of an implicit operation on DA, we can prove that
a pseudoword on DA is an w-term if and only if the associated minimal DA-
automaton is finite. Finally, we complete the result by effectively computing
in polynomial time the minimal DA-automaton associated to an w-term.

1. INTRODUCTION

The pseudovariety DA, the class of finite monoids whose regular D-classes are
aperiodic semigroups, has been the subject of recent studies due to its various ap-
plications. It is known that languages whose syntactic monoids lie in DA have
important algebraic, combinatorial, automata-theoretical and logical characteriza-
tions that enable us to solve problems in computational and complexity theory (see
Tesson and Thérien [13]).

On the other hand, word problems have long played an important role in various
branches of Mathematics. In this paper, we solve the word problem for w-terms
over DA, which consists of deciding if two w-terms are equal over all elements of
this pseudovariety. Almeida and Zeitoun [5, 4] solved the analogous problem for
the pseudovariety R. Based on this work, we characterize w-terms over DA by the
finiteness of certain types of sets of factors and by the finiteness of the associated
minimal DA-automaton. We also construct in polynomial time this minimal DA-
automaton.

In [11], we exhibited three representations of implicit operations over DA: by
means of labeled trees of finite height, by means of quasi-ternary labeled trees, and
by means of labeled linear orderings. The paper has also an improvement of the
representation by quasi-ternary labeled trees, which may be infinite, consisting of
wrapping the DA-tree of an implicit operation. We obtain a representation by means
of DA-automata and we prove here that an w-term has a finite representation by
the minimal DA-automaton. Since this paper depends on several definitions and
results from [11], the reader should refer to that paper as needed.

The paper is organized as follows. In Section 2, we introduce some notions and
notation about implicit signatures, concluding the corresponding section from [11].
We also recall the notion of central basic factorization of an implicit operation
on DA and the representation of implicit operations on DA by automata. Based
on Almeida and Zeitoun [5], we construct in Section 3 certain types of factors of
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an implicit operation. This allows us to characterize an w-term on DA by the
finiteness of these sets of factors and by the finiteness of the associated minimal
DA-automaton, which is done in Section 4. Finally, in Section 5 we exhibit an
algorithm to compute a finite DA-automaton associated to an w-term and we prove
that the minimal DA-automaton associated to an w-term can be constructed in
polynomial time.

2. PRELIMINARIES

We complete the introduction of notions and notation given in the corresponding
section of [11]. For further information on the basic background see, for instance, [1,
3].

In this paper, Q4V denotes the free pro-V monoid on A. The natural interpreta-
tion of u € Q4V in a pro-V monoid S is the mapping ug : S4 — S which associates
to each function p : A — S the element fi(u) € S. For u € Q4V, the sequence
(u™~1),, converges and we denote the limit by v“~!. Similarly, u* denotes the limit
of the sequence (u™),,, which is the unique idempotent in the closed subsemigroup
generated by u. The elements of 4V are called implicit operations over V or pseu-
dowords over V. Usually, the first name is used when these elements are viewed,
via their natural interpretation, as operations on finite semigroups, and the second
name is used when the elements are viewed as combinatorial entities generalizing
finite words. Recall that, if 2 : A — Q4V is the natural generating function, then
the submonoid generated by ¢(A) is a dense submonoid of Q4V.

An implicit signature is a set of implicit operations containing the monoid mul-
tiplication, _- _. The canonical signature k = {_- _, “~1} consists of the monoid
multiplication and the unary (w —1)-power. A k-term on the set A is an element of
the unary semigroup T4 freely generated by A , and 2%V is the k-submonoid of the
pro-V monoid freely generated by A, whose elements are called k-words or k-terms
over V. A k-identity over V is an equality u = v, with v and v k-words over V. The
k-word problem for V consists in deciding if two x-terms of T'§ have the same image
under the natural homomorphism into the free pro-V monoid, ¢ : T% — Q4V. The
signature w = {_-_, “} is also of interest. Since, in an aperiodic monoid, any x-term
coincides with the w-term obtained by replacing all (w — 1)-powers by w-powers, we
can work and formulate the results in terms of the signature w, which we do from
hereon.

In Section 5, we adopt the simplified notation of McCammond [10] using the
curved parentheses to represent the w-power, and so, the w-terms are seen as words
on the extended alphabet AU {(,)}.

Given w € Q4DA\{1}, we consider the central basic factorization of w, under
the conditions described by Almeida [2], as the tuple (o, a,v,b,3) € QaDA x A x
QADA x A x QDA or as the triple (o, a, 3) € Q4DA x A x Q4DA satisfying one of
the following conditions:

(i) standard form: w = aaybf with a,b € A, o, 3,7 € QaDA, a ¢ c(a),
b ¢ c(f) and c(aa) = c¢(bB) = c(w);
(ii) overlapped form: w = abyaf with a,b € A, a, 3,7 € Q4DA, a ¢ c(aby),
b ¢ c(vaf) and c(abya) = c(byaf) = c(w);
(iii) degenerate form: w = aaf with a € A, a, 3 € Q4DA, a ¢ c(), a ¢ ¢(B3)
and c(aa) = c(af) = c(w).
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Almeida proved that this factorization exists and is unique and we denote it by
CBF(w). We iterate this factorization by applying it to the central factor v until it
becomes 1 or the central basic factorization is of the degenerate form. We denote
this iterated central basic factorization (called of type 2 in [11]) by [,CBF(w) and it
has one of the following forms: 1,CBF(w) = ayay - - nanbpfy - - - b1 51, 2CBF(w) =
0101 - QpGp By -+ b1 By or |2CBF(w) =o1ay ot b1 5.

To solve the word problem over DA, we use a result from [11] which states
that two pseudowords have the same DA-quasi-ternary tree if and only if they are
equal over DA. As these DA-trees may be infinite, and, as such, they may not
be calculated in full form, we use the improvement of this representation which
consists of representing the implicit operations on DA by means of DA-automata.

Briefly, the tree t(w) € T»(A) which represents the pseudoword w € Q4DA is
constructed recursively as follows: it has a root corresponding to the pseudoword
w and, assuming that CBF(w) = aayb8, the root is labeled by the pair (a,b)
and it has three sons, corresponding to the pseudowords «, v and 3, with edges
labeled 0, 1 and 2, respectively. If CBF(v) = aaf3 is degenerate, for some vertex
corresponding to a pseudoword v, then this vertex is labeled a and it has only two
sons with edges labeled 0 and 2, respectively. Any tree of T5(A) is a DA-automaton,
t(w) = (V,—,q, F,\), where ¢ is the root, F' is the set of vertices corresponding to
the empty word and A is the state labeling function. The wrapped DA-automaton of
w, A(w), is the automaton obtained from t(w) by identifying states corresponding
to the same pseudoword. Moving the label of each state and adding it to the labels
of the edges starting in such state, we obtain an automaton that recognizes the
language associated to w, L£(w) (see [11]), and which is minimal for the condition
L(A) = L(w). We end this section with the following powerful result from [11]:

Proposition 2.1. Letv,w € Q4DA. Then DA = v = w if and only if L(v) = L(w).

3. FACTORS OF A PSEUDOWORD OVER DA

In this paper, we prove that the word problem can be effectively solved when we
work with w-terms over DA. We start by considering certain types of factors of a
pseudoword w € Q4DA.

Let w € Q4DA. We define certain sets of factors of w: F(w), which consists of
the so called DA-factors of w; R(w), consisting of the relative remainders of w; and
S(w), the set of the absolute remainders of w.

We define fs5(w), I(5,0)(w) and (5 2)(w) by induction on the length of § € {0,1,2}*
as follows:

fs(w) = w
(fs0(w), Ls.0) (W), f51(w), Iis 2y (w), fia(w)) < CBF(fs(w))
or (fs0(w), Loy (), fra(w)) < CBF(f5(w))

depending on whether the central basic factorization of fs(w) is of the standard or
of the overlapped form, or if it is of the degenerate form. The set of DA-factors of
w is

F(w) = {fs(w) | § € {0,1,2}* and fs5(w) is defined} C Q4DA.
It consists of the set of images under p : T5(A) — QDA of the subtrees #(w), which
correspond to some factor of the form «s, G5 or 75 of the iterated factorization of
some factor of the iterated central basic factorization of type 2 of w.



4 A. MOURA

The set of relative remainders of w is the set R(w) of elements of F(w), which
consists of the images under p of the subtrees attached to a vertex which is a son
from a central branch of a given vertex. These subtrees are the trees corresponding
to the factors s of some iterated factorization of a factor of the iterated central
basic factorization of type 2 of w. Formally, we write

R(w) = {fs(w) | 6§ €{0,1,2}*1 and f5(w) is defined} = f1(F(w)).

Let u,v € Q4DA be such that u is a prefix of v. We use the notation u~1'v to
represent any suffix of v such that v = u-u~'v in Q4DA. Similarly, if u is a suffix of
v, we use vu~ ! to denote any prefix of v such that v = vu™'-u in Q4DA. We define
the set of absolute remainders of w, S(w), to be the smallest subset containing w
and satisfying to the following conditions:

(i) ue Sw) = folu) € S(w);
(i) u € S(w) = fa(u) € S(w);
(ii) w,v € S(w), a € A and o(ua) is an initial segment of o(v) implies that
(ua)~v € S(w);
(iv) u,v € S(w),a € A and o(au) is a final segment of o(v) implies that
v( u)~! C S(w).

Recall that o(u) is the reduced *-labeled linear ordering representing u € Q4DA,
notation introduced in [11]. See Rosenstein [12] for the basics on linear orderings.
Let us see the relation that exists between the elements of S(w) and the closed
intervals of o(w), starting by observing some auxiliary results.

Lemma 3.1. Given w € Q4DA, we have F(w) C S(w).

Proof. We obviously have w € S(w). By conditions (i) and (ii) we have, respec-
tively, the elements fo(w) and fo(w) in S(w). By [11, Lemma 4.16], it follows

that, for each a € A, there exist the smallest position of o(w) labeled a, @)

and the largest position of o(w) labeled a, ;33(“’) Therefore, and since A is finite,

there exist p°(*) = max{pg(w)\a € A} and p°™) = min{ﬁg(w)\a € A}. By defini-
tion of fo(w) and fo(w), it follows that o(fo(w)l(p°™))) is an initial segment of
o(w) and o(1(p°™)) fo(w)) is a final segment of o(w). By conditions (iii) and (iv),
fi(w) € S(w). Proceeding inductively on the factors fy(w), fi(w) and fa(w), we
deduce that all the elements of F(w) are in S(w). O

Lemma 3.2. Let w € Q4DA. For each position p in o(w), there exists a closed
interval o' C o(w) such that:

(i) o ~o(fs(w)) with fs(w) € F(w);

(i) p=p” orp=p°.
Proof. We proceed by induction on the content of w, c(w). If |c(w)| = 1, suppose
that c¢(w) = {a}, then w = o™, with n finite, or w = a*. If w = ™, with n finite,
then o(w) = n. In this case, o' = o(f1r-1(w)), if p < [n/2], or o' = o(fin-»(w)),
if p > [n/2] satisfies the desired conditions (it is enough to observe that in the
iterated central basic factorization of w the factors «; and (; are all empty and
each letter a at a given position is a dlstlngulshed label in a posmon p° or p°
of some iteration). In the case where w = a*, we have o(w) = w+w*. If pis a
position in w, then we set o’ = o(f1»-1(w)). Otherwise, we set o’ = o( fra—1(w)),
where ¢ is the positive integer corresponding to the position p in w 4+ w* when we
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count from right to left. In any case, the chosen orderings satisfy the conditions (i)
and (ii).

Now, suppose that |c(w)] > 1. We consider the iterated central basic factor-
ization of type 2 of w, ICBF(w). Then, by [11, Theorem 4.5] and by the ana-
logue version of [11, Theorem 4.18] for T5(A), we have o(w) = 01+ 1+ 02+
1+---+---4+1+4+02+1+ 01, for some orderings o; and ©;. If p € o(w) corre-
sponds to any position labeled a; or b; of 1,CBF(w), then o’ = o(f1i-1(w)) satisfies
the desired conditions. Otherwise, p is a position in o; or 6;, for some i. Since
the content of the pseudoword represented by this ordering is strictly contained in
c(w), the result follows by induction. O

Given fs(w) € F(w), with 0 € {0,1,2}*, we define the depth of fs(w), o(fs(w)),
as the length of the word § € {0,1,2}*.

Lemma 3.3. Let w € Q4DA. Given fs(w) € F(w), with § € {0,1,2}*, there
exist k > 0, fs,, foy, ---, fs, € F(w) and as,, as,, ..., as, € A such that
o(fs,as, fs,as, - -+ f5,a5, fs(w)) is an initial segment of o(w).

Proof. We proceed by induction on 9(fs(w)). The case where d(fs(w)) = 0, i.e.,
fs(w) = fo(w), is trivial since fo(w) = w. Let f5(w) € F(w), with 6 € {0,1,2}*,
be such that o(fs(w)) = 1. Three cases can occur: fs5(w) = fo(w), fs(w) =
fi(w) or fs(w) = fa(w). Tt follows, respectively, that o(fo(w)), o fol (p°*)) f1(w))
and o(fol (p°™)) f11(p°)) f2(w)) are initial segments of o(w). Now, suppose that
(fs(w)) = n > 1. Let n be the prefix of § with length |§| — 1. By induction
hypothesis, there exist fy,, fn., -, fn,, € F(w) and ay,, Gp,, ..., ay, € A
such that o(fy, ay, froan, -+ fn,.an,, fr(w)) is an initial segment of o(w). By def-
inition of f5(w) € F(w), it follows that fs(w) is a factor of f,(w) if and only if
n is a prefix of 6. Consider the factors fpo, fy1, fn2 € F(w). Note that one of
them is the factor fs(w). We have, respectively, o( fy, an, froan, -+ - fru @, fro(w)),
O( Sy frpan, -+ fnmanmfnol(po(n))fnl(w)) and  o( fy, an, oo, foan, fno -
Lp°™) 11 (p°™) f2(w)) as initial segments of o(w), in the cases where fs(w) =
Faol®), F3(w) = i (w) and f5(w) = fya(w), respectively. 0
Lemma 3.4. Let w € Q4DA. We have:

(1) ue S(w)=3Ip,q € o(w) : o(u) ~ [p,q];
(2) p,g€o(w),p<qg=JueSw):o(u)~p,q.

Proof. 1. By definition of fo(w), fi(w) and fo(w) and also by definition of p°(*)
and p°™), it follows that fo(w) ~ [mino(w),p®™[, fi(w) ~ |p°™), 5[ and
fo(w) ~ ]p°™) max o(w)]. Note that the predecessors and the successors of p°(*)
and p°(®) exist in any x-labeled linear ordering. Applying [11, Lemma 4.16] to
each interval isomorphic to the elements fo(w), f1(w) and fo(w), respectively, and
proceeding inductively, we deduce that all elements of F(w) are isomorphic to closed
intervals of o(w). Let u € S(w) and a € A be such that o(ua) is an initial segment
of o(w). Then o((ua)~!w) is a reduced x-labeled linear ordering, by [11, Lemma
4.13], because it is a closed interval on o(w). Hence there exist p,q € o(w) such
that o((ua)~'w) ~ [p,q] (in this case ¢ = maxo(w)). We obtain a similar result
using the condition (iv). Proceeding inductively, we conclude that all elements of
S(w) are isomorphic to some closed interval of o(w).

2. Let p,q € o(w) be such that p < ¢ and consider the closed interval [p, q].
By [11, Lemma 4.13], [p,q| is a reduced x-linear ordering. We want to prove
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that it is isomorphic to the x-linear ordering corresponding to an element of S(w).
Let p’ = predecessor(p) and ¢’ = successor(q). Consider the interval [p/,¢']. By
Lemma 3.2, there exists f5(w) € F(w) such that p’ = p°Us(@) or pf = polfs(w)),
If pf = peFs(®) we choose the factor fso, and if p’ = p°s(®)  we choose the
factor fsol(p®s(D)fs1. Let fs5,,...,f5. € F(w) and as,,...,as € A be such
that o(fs,as, - -+ fs,as, fs(w)) is an initial segment of o(w), as we had shown in
Lemma 3.3. Then either o fs,as, - - - fs, s, fsol(p°Fo (D) (w)) ~ [mino(w),p'] or
o(fs,as, - - fs, as, fsol(p°s(W)) f511(p°Us (WD) (w)) ~ [mino(w),p’], depending on
the case. By condition (iii) applied either k£ + 1 or k 4+ 2 times and, depending
on the case, using the factors fs5, of this initial segment, f50 and f51, the letters
as,, 1(p°Us(®)) and 1(p°s(¥))) and the pseudoword w, we obtain a pseudoword

v € S(w) such that o(v) ~ ]p/,maxo(w)] = [p,maxo(w)]. We proceed similarly
with ¢’ and using condition (iv) and the pseudoword v. It follows that there exists
u € S(w) is such that o(u) ~ [p, q]. O

We conclude, by Lemma 3.4, that the elements of S(w) correspond to the closed
intervals of o(w). Let u € S(w) and let p, ¢ € o(w) be such that o(u) ~ [p, g] as we
have seen in the previous lemma. Let f5(w), f,(w) € F(w), with é,n € {0,1,2}*,
satisfy the conditions of Lemma 3.2, respectively, to p and q. We call p and ¢ the
borders of u and || and |n| are, respectively, the depth of each border.

4. CHARACTERIZATIONS OF w-TERMS OVER DA

We solve the word problem for w-terms over DA. For this purpose, we present, in
this section, several characterizations of an w-term over DA. We start by observing
that the factors involved in the central basic factorization of an w-term over DA are
also w-terms over DA. As a tool to be used in inductive processes that follow, we
define, inductively, the length of an w-term by |a| = 1, with a € A, |uv| = |u| + |v|
and |u®| = |u| + 1.

Lemma 4.1. Let w € Q4DA\{1} and let (o, a,7,b, 8) (respectively, (e, a,3)) be
the central basic factorization of w. Then «, v and 8 (respectively, « and 3) are
also w-terms over DA.

Proof. We proceed by induction on (c(w), |w|), where the pairs are ordered lex-
icographically. The case w € A is trivial. Suppose that w = z¥ with x €
Q4DA\{1} and that the factors involved in the central basic factorization of z,
CBF(z) = (a,a,v,b,3) (respectively, CBF(z) = (a,a, ) in the degenerate case),
are w-terms over DA. Then the central basic factorization of w is of one of the fol-
lowing forms: (o, a, vbBw?aary, b, 3), in the standard case (note that w = xa* 2z =
(27122 = 2(2¥)%x = 2w?z), (aay,b, fw?a,a,vbB), in the overlapped case, and
(a,a, Bw?a,a, (), in the degenerate case. In any case, the factors involved are also
w-terms over DA.

Now, suppose that w = xy, where the factors involved in the central basic
factorization of z and y are w-terms over DA. Let CBF(z) = (g, as, Y, bz, Ox)
or CBF(z) = (@, a4,0:), and CBF(y) = (ay,ay, vy, by, By) or CBF(y) = (o, ay,
By), be the central basic factorizations of = and y, respectively, depending on the
type of factorization. Several cases can occur:

(i) Suppose that c(z) = ¢(y) = c(w). Then the central basic factorization of w is

(aza Qg ’Yzbmﬁrayay’)’yv bya ﬂy)a or (amam')’xa brv ﬂzayay')/ya byv ﬂy)v or (O‘m» Qg ’Ymbmﬂmaya
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ay, YybyBy), or (payYe, ba, Butty, Gy, VybyBy), depending on whether the central ba-
sic factorizations of x and y are, respectively, both of the standard form, CBF(z)
is of the standard form and CBF(y) is of the overlapped form, CBF(z) is of the
overlapped form and the CBF(y) is of the standard form, or both of the factor-
izations are of the overlapped form. In the cases where at least one of the cen-
tral basic factorizations of = and y is degenerate, we also have analogous central
basic factorizations of w. In fact, in the case where CBF(z) = (ag,as,Bz), we
have CBF(w) = (a, as, Boayayy, by, By), CBF(w) = (g, az, Beay, ay, vyby3y) or
CBF(w) = (@, ag, B2y, ay, By), depending on whether the central basic factoriza-
tion of y is standard, overlapped or degenerate. In any case, the factors involved
are finite products of w-terms and, therefore, they are w-terms.

(ii) Now, we suppose that c(x) # ¢(w) and ¢(y) = ¢(w). We also suppose that the
central basic factorization of y is of the standard form, CBF(y) = (Jy,, @yy» Yy by, By),
where k = |e(y)| — 1. Let (0y,_,,ay,,qy,) be the left basic factorization of d,,,
as defined in [5]. Since c(dy,_,,) G ¢(dy,) G c(y), we repeat the process a finite
number of times until we obtain the factorization y = dy,ay, - - - Gy, 0y, Gy YybyBy-
Remember that the factors involved in this factorization are also w-terms, by [5,
Lemma 2.2] and by induction hypothesis. Let ¢ be maximum such that ¢(w) = ¢(x -
6y0ayk T Oy Oy Ay ) Then we have CBF(w) = (x'(syoayk Ty Oy Qy gy Oy gy
“+ Qyy Yy, by, By), where all the factors involved are w-terms. In the case where the
central basic factorization of y is degenerate, we use the same argument and we
obtain CBF(w) = (z - dy,ay, - Ay Ay Ay 1y Xyg_qy " Qy, Qyy 5 Qo By). Let us
see the case where the central basic factorization of y is of the overlapped form,
CBF(y) = (o, ay, Yy, by, By). If c(zay) = c(w) then, by a similar argument to the
one used in the previous case, we obtain CBF(w) = (x - 0y,ay, « - ay,ay,, ay ),
Qygi_yy " Oy Gy Yyby By ). If c(zary) # c(w) and c(zayay) = c(w), then CBF(w) =
(xay, ay,vybyBy). In the case where c(zaya,) # c(w), we use a similar argument
for 7, and we obtain CBF(w) = (xay, ay, dyeby, + by, Vyis byii1ys Yyoyy " Vn byBy)-
We obtain the dual result for the case where c(y) # c(w) and ¢(z) = c(w).

(iii) Finally, we can verify the case where c¢(z) # c¢(w) and ¢(y) # c(w) using,
again, an argument similar to that given for (ii). ([

We say that an w-term is reduced if it has no subterm of the form r“st“, with
¢(s) C e(r) = ¢(t), and no subterm of the form (rs¥z¥t)*, with r and ¢ pseu-
dowords which may be empty and with ¢(t) U ¢(r) C ¢(s) = ¢(z). Recall that, in
a pro-DA monoid, r¥st¥ = r¥t¥, if ¢(s) C ¢(r) = c(t) (see [1, Lemma 8.1.4 and
Theorem 8.1.7]).

Lemma 4.2. Let w be an w-term which defines an idempotent in Q4DA. Then we
have one of the following conditions:

(i) There exist w-terms x, y, z, t such that DA = w = xy“2t, c(y) = ¢(z) =
c(w), || + |yl + |z] + |t| < |w| and x and t satisfy one of the following
conditions: they do not define idempotents over DA or c(s) C c(w) for both
s=x and s=1t;

(ii) There exist w-terms x, y, z such that DA = w = zy*z, c(y) = c(w), |z| +
ly| + |2| < |w| and x and z satisfy one of the following conditions: they do
not define idempotents over DA or ¢(s) € c(w) for both s = x and s = z.

We also have that xy“z“t (respectively, zy“z) is reduced.
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Proof. We begin by noting that the substitutions r*st¥ — r“t“  if ¢(s) C ¢(r) =
c(t), and (rs¥yzwt)? — rs¥z¢t, if c(ryt) C c(s) = ¢(z), do not change the value
of an w-term over DA. Moreover, the length of the terms decrease when we apply
these substitutions. Let v be a reduced w-term obtained from w by applying these
substitutions. Since w is idempotent over DA, v is also idempotent. Moreover,
[v| < |w|. We write v = 27 - - x,, where each z; is a letter or a term of the form
y¥. By [11, Corollary 3.17], there exists z; such that c(x;) = ¢(v) and z; = y¥.
Suppose that there exists another factor x; with c(z;) = c(v) and z; = y¥, for
some y;. Considering the fact that v is reduced, the factors x; and z; must be
consecutive and, therefore, v = zy“2“t, with = and ¢ not satisfying one of the
conditions ¢(s) = ¢(v) = c¢(w) or s = y¥, with s = x or s = t. Thus, either
x is not an idempotent, or z is an idempotent and c(z) C c¢(v), and similarly
for t. Now, suppose that no other z; is such that c(x;) = c(v) and x; = y5.
Then v = z1 -4 12;X441 - - - T, = zy¥z for some x,y, z, where x and z are not
idempotents or, if any of them is idempotent, then it has strictly smaller content
than v. We also have |z|+|y|+|z|+|¢| < |w]| in the first case, and |z|+|y|+|z| < |w]|
in the second case. O

We are now ready to present some characterizations of the w-terms over DA.
The following is a sort of periodicity theorem for DA.

Theorem 4.3. Let w € Q4DA. The following conditions are equivalent:

L(w) is rational.

A(w) is finite.

Proof. (a) < (b): Given A(w), which is finite, we construct a finite automaton
recognizing L(w), by replacing the label of each edge in A(w) by the pair whose
first component is the label that the edge has in A(w) and the second component
is the label of the initial vertex of the edge in A(w). For the direct implication we
do the converse: given the minimal automaton that recognizes the language £(w)
(and it is unique by [11, Lemma 4.10]), we construct the automaton A(w) whose
states are labeled with the second component of the label of the edges that starts
from that state.

(b) & (¢): Note that, by definition, there exists a bijection between the set of
states in A(w) and the pseudowords p(t(w), ), with v € V. Hence, the result follows.

(¢) & (d): Applying [11, Lemma 4.9] to t(w), we have that the set of vertices,
{p(t(w)y) | v € V}, is in bijection with F(w).

(d) = (e): Tt is obvious, because R(w) C F(w).

(e) = (f): Suppose that R(w) is finite. To show that S(w) is also finite, we
proceed by induction on |A|, where the case |A| = 0 is trivial. Now, suppose that
|A] > 1. Let S,(w) = {u € S(w) | the borders of u have depth not exceeding n}.
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Then, we have

Snt1(R(w)) € Splfo(R(w))] - A+ fi(R(w)) - A - Splfo(R(w))]
USu[fo(R(w))] - A~ Sulf1(R(w))]
US,[f1(R(w))] - A - Snlfa(R(w))]
U S [fo(R(w))] U Sp[f1(R(w))] U Sn[f2(R(w))]

C Slfo(Rw))]-A-R(w) - A- S[f2(R(w))]

US[fo(R(w))]- A - Sp(R(w))
US,(R(w)) - A - S[f2(R(w))]
US[fo(R(w))] U Sn(R(w)) U S[f2(R(w))]

By induction on n and by definition of

S
Snt1(R(w)) € Ui_o(S[fo(R(w))] - A

(S[fo(R(w))] - A R(w) - A+ S[f2(R(w))] U S[fo(R(w))] - AUR(w))
U (S[fo(R(w))] - A- R(w) - A- S[fa(R(w))] U A - S[f2(R(w))] U R(w))-
Uimo(4 - S[f2(R(w))])*

U Slfo(R(w))] UR(w) U S[fa(R(w))]

for all n and, therefore, S(R(w)) is contained in the union of these sets. We also

have
Sw) < {w}uS(fo(w )) R(w) - A-S(f2(w))

US(fo(w))-A-S(R (w))

US(R(w)) - A - S(fa(w))

US(fo(w)) US(R(w)) US(f2(w)).
Considering the last two inclusions, it is enough to show that the following sets are
finite: S(fo(w)), S(f2(w)), Slfo(R(w))] and S[fa(R(w))]. Let u € {fo(w), fa(w)}U
fo(R(w)) U fo(R(w)). Since c(fo(v)), c(f2(v)) € c(v), for all v # 1, it follows that

¢(u) € ¢(w). Moreover, since

R(F(w)) = [L[F(F(w))] = f1(F(w)) = R(w),
we have, in particular, R(u) C R(w) and, therefore, R(u) is finite. Applying the
induction hypothesis to u, which has a smaller content, we conclude that S(u) is
finite. Hence S(w) is finite.

(f) = (g9): Let S(w) be finite. We proceed by induction on |¢(w)| to show that w
is an w-term. If ¢(w) = {a}, then w = a™, with n finite, or w = a* and, therefore, it
is an w-term. Now, suppose that |c(w)| > 1. Let w = ﬁgfglfl(aiai)~ﬁg:g]71(biﬂi)
be the iterated central basic factorization of w. Suppose that [Jw] is finite. Recall
that [Jw] is the number of iterations until we obtain the iterated central basic
factorization of w. Note that S(a;), S(5;) € S(w), for all 4, because «a;, 8; C S(w).
Since, by induction hypothesis, S(w) is finite, then S(«;) and S(3;) are also finite,
for all i. Moreover, ¢(a;), ¢(8;) G c(w), for all i. It follows, by induction hypothesis,
that «; and (3; are w-terms, for all . Hence, w is an w-term.

Now, suppose that ﬂwﬂ is infinite. Let u; = iifﬁl(aiaiﬁ g = Hk L(bi3;)

and wy j, = szl(alal) Hl>k( i0i), with & > 1 > 0. We have w = g ;-0 Wit1,i41
biB; - vo,;. By definition, w;; = fii(w) € S(w). Let N be an integer satisfying
the condition of [11, Lemma 3.10], i.e., if 4,5,k > N, then c(w;;) = c¢(w; ;) and
c(agar) = c(brBy). Since S(w) is finite, there exist [ > N and k > 0 such that
Witk I+k = W1 = UL i+k * Witk,I+k * Ui+ and, therefore, wi; = )y - wip - v -
Since ¢(wy ;) C c(ugi+x) = c(vii+k), we have, by [11, Corollary 3.7], wy; = (NI
Uk Hence w = ug wi 00,0 = 0,10y £V 11 V0,1 which is an w-term.
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(9) = (d): Let w € Q4DA. We proceed by induction on (|c(w)|, |w|) where the
pairs are ordered lexicographically.

If ¢(w) = a, then or w = a™ is a word and F(w) = {1,a?,a%,...,a"} or F(w) =
{1,a,a3,...,a"}, depending on whether n is even or odd, or w = a* and we have
F(w) ={1,a”}. In any case, F(w) is finite.

If |e(w)] > 1, we start by showing that the set fi«(w) is finite. Let w =
ﬁiﬂfgl_l (o) ﬁg;‘gl_l (b;8;) be the iterated central basic factorization of w. If |Jw||
is finite, where ||w| denotes the largest integer n such that c¢(anan) = ¢(b,fn) =
c(w) with anpa, and b,08, disjoint (notation introduced in [11]), then we can
write w = apag -+ akarYRbe Ok - - bofo, with a;,b; € A, c(a),c(Bi) € c(w), for
all i, and c(y5) € c¢(w). By Lemma 4.1, these factors are also w-terms. Since
c(vk) € c(w), it follows, by induction on |c(w)|, that fi«(yx) is finite. Since
fir(w) = fi- (k) U{aa; -y - - b 0; | i <k}, it follows that fi«(w) is finite.

If ||w]| is infinite, then, by [11, Proposition 3.15], w is idempotent. By Lemma 4.2,
we can write w in one of the following forms: w = zy*“z, with |z| + |y| + |2| < |w],
or w = zy¥z¥t, with |z| + |y| + |2| + [t| < |w|. Suppose that we have the first
case. Since ¢(y) C ¢(w) and |y| < |w|, by induction hypothesis applied to y, F(y)
is finite. Since (d) = (f), it follows that S(y) is also finite. Similarly, the sets S(x)
and S(z) are finite. Hence we have

fre(w) = fi-(zy?z) C S(2)y*S(2) US(2)y“S(y) US(y)y“S(2) US(y)y“S(y).

It follows that fi-(w) is finite. The second case is similar.
Let I > N and k > 0 be such that fi+x(w) = fii(w), where N satisfies the
condition of [11, Lemma 3.10]. Then the following equalities are satisfied by DA:

fuw) = agar--ogypp_104k—1friee (W)bipk—18148—1 - b
= aag- 0y p—104k—1f11 (W)bigk—1B14k—1 - iy
= (ogar- - apr—10145—1)" fro(w) (bigr—1Bi4k—1 - biB)”
= (ogar- - apk—10145—1)" (D4 k—1B14k—1 - bi5y)*

where the last equality follows from [11, Corollary 3.7]. It follows that
w = apag - a—1a-1(ar - Qb1 k1) (i k—1814k—1 - 0B)“bi—181-1 - - - boSo-

Note that fi«o(w) € Wy = {ao,...,aqr4r—1} and fi-2(w) € Wo = {Bo, ..., Bi4r—-1}-
Hence we have F(w) = f1+ (w)UF (fr+0(w))UF (fr+2(w)) C fr« (w)UF (Wo)UF (Wa).
Since Wy and W5 are finite sets of w-terms on a smaller alphabet than c(w), we
have, by induction hypothesis, that F(Wy) and F(Ws) are finite. The implication
(9) = (d) follows and this completes the proof of the theorem. O

5. AN ALGORITHM TO COMPUTE THE MINIMAL DA-AUTOMATON

Given two w-terms on an alphabet A, we wish to show that it is possible to
decide if they coincide over all elements of DA. By Theorem 4.3, we know that, if
w is an w-term over DA, then the wrapped DA-automaton (which is minimal) that
represents w is finite. Moreover, by Proposition 4.11, Lemma 4.10, and Corollary
4.8 from [11], and by definition of minimal DA-automaton, two w-terms coincide
over DA if and only if their wrapped DA-automata are isomorphic.

In this section, the aim is to construct the minimal DA-automaton of an w-term.
For that purpose, we present an algorithm which constructs a finite DA-automaton
of an w-term and, using existing tools, this automaton may be efficiently minimized.
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5.1. The main function. Let w be an w-term and let w = word(w) be a well-
parenthesized word on the alphabet AU {(,)}, which results from replacing the w-
powers of w by a pair of parentheses. In the automaton that we want to construct,
each state represents a word & = word(u) that corresponds to an w-term u which
defines a DA-factor of the w-word defined by the initial w-term w. The automaton
has as initial state the vertex corresponding to the w-term w. For each state u, the
sons of u, which are the terminal states from an edge whose initial state corresponds
to u, represent the words which define the factors of the central basic factorization
of w.

For better understanding the algorithm, we present the programming of some
routines. The complete programming of the algorithm in Python may be found in
http://cmup.fc.up.pt/cmup/amoura/DAautomaton_complete.py.

The main routine, called DAautomaton and described in Algorithm 1, constructs
the automaton A = (V, E,,e,v) by a recursive process. Initially, the automaton
is presented as follows: the set of states, V, consists of the initial state ¢, which
corresponds to the word w, and of the final state e, which corresponds to the word
g, the set of transitions is empty and the labeling relation has only the pair (e, €).

def DAautomaton(input):

e =

iota = input

V = [e,input]

E =[]

nu = [[e, epsilon’]]
Vo = ]

V1 = [input]

while V1 = []:

for w in VI1:
11 = LeftLabel (w)
rl = RightLabel (w)
F = Factorization (w, 11 ,rl)
nu = nu+[F[0]]
desc = F[1]
if len(desc) = 3:
for j in range(3):
B A= [[w,],desc[j]]]
if desc[j] not in V:
V 4= [desc[j]]
VO += [desc[j]]
else:
E += [[w,0,desc[0]]]
E 4= [[w,2,desc[1]]]
for i in range(2):
if desc[i] not in V:
V 4= [desc[i]]
VO += [desc[i]]
V1
Vo
A = [V,E,iota ,e,nu]
return A

Vo

ALGORITHM 1

Let Vp and Vi be, respectively, the set of states which were not yet processed and
the set of states which will be processed in the following step (which corresponds
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to run the while cycle once). Initially, V4 is the empty set and V; consists of the
initial state. The algorithm stops when these sets are both empty.

The process consists in the computation that we proceed to describe. Given a
state of V7, which corresponds to an w-term w, we calculate the positions [l and
rl in @ of the labels of the central basic factorization of w. For that, we use two
functions called LeftLabel and RightLabel, respectively.

We apply to this w-term w and its label-positions the function Factorization,
that it is described in detail in 5.2. The function computes the label of the state
and keeps it in the list v. It also produces the sons of this state. Then the main
routine tests if each one of the sons is already in V. If it is not, it is added to V'
and to Vj to be processed later. A transition is created that goes from the state
that we are processing to the state corresponding to each son and labeled by the
order of such son (i.e., 0, 1 or 2).

When V) = () = V4, the routine stops. This means that all the elements have
already been processed and all the states corresponding to DA-factors of the initial
w-term are already in the set of states of the automaton. Hence the DA-automaton,
that we denote by G(w), is constructed.

5.2. The factorization of an w-term. It is the function Factorization, described
in Algorithm 2, that analyzes a state corresponding to a DA-factor of the initial
w-term. It takes as input the word that corresponds to the state that we are
processing, u, and the positions Il and rl, corresponding to the left label and to the
right label of the central basic factorization of this DA-factor. It uses the function
Parenthesis to compute the image of the partial function which associates to each
position in u whose letter is a parenthesis the position corresponding to its matching
pair. So that this information will be easily found, the function Parenthesis creates
a list of length equal to |a| and puts the value —1 on the entries corresponding to
the positions of & whose letter belongs to A.

def Factorization (w,1l ,rl):
m = —1
P = Parenthesis (w)
for i in range(len(P)):
if i < 11 <P[i] and i < rl < P[i]:
m = i
break
if 1l < rl or m != —1:
nu = [w,w[ll]4+w[rl]]
desc = [SOforget (w,P,11),Slremind (w,P,1l ,rl ,m),S2forget (w,P, rl

elif 11 > rl:

nu = [w,w[rl]4+w[]ll]]

desc = [SOremind(w,P,rl),S1lforget (w,P,rl,11),S2remind (w,P,11)]
else:

nu = [w,w[1l]]

desc = [SOforget (w,P,11),S2forget (w,P,rl)]

return [nu, desc]

ALGORITHM 2

The function Factorization verifies if the labels LeftLabel and RightLabel are
inside a same w-power and keeps the information, in a variable m, of the position
where the largest w-power that contains these labels begins. Then, it compares the
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values Il and rl, corresponding to the positions of the labels in the word . With
this data, it determines the type of the central basic factorization. We have the
following cases: if [l < rl or m # —1, then the central basic factorization is of the
standard form; if Il > rl and m = —1, then the central basic factorization is of
the overlapped form; if Il = rl and m = —1, then the central basic factorization is
degenerate. In the first case, we use the functions SOforget, Slremind and S2forget
to construct the sons, while in the second and third cases we use, respectively,
the functions SOremind, Slforget and S2remind, and the functions SOforget and
S2forget. These functions are presented in the next subsection.

5.3. The computation of the sons of an w-term. We present the functions
that compute the sons of any state of the automaton. The functions consist on
the construction of words from the word corresponding to the state that is being
processed.

The functions whose name includes the word forget consider the subword of
the initial word ending at Il — 1, between [l + 1 and rl — 1, or starting at rl +
1, depending on whether we are computing the son of the transition 0, 1 or 2,
respectively, and consisting of all letters in A and all the matching parentheses in
the considered interval. We show, for example, the function SOforget in Algorithm 3,
which constructs the son of w from the transition labeled by 0.

def SOforget(w,P,11):

wl = 7’
for i in range(11):
if w[i] != '(° or P[i] < Il:
w0 += w[i]

return w0

ALGORITHM 3

The functions whose name includes the word remind construct a word from the
initial word considering all the w-powers where the labels are inserted. We describe
in detail the most intricate one, the function Slremind, presented in Algorithm 4.

def Slremind(w,P,11,rl m):

wl = 7’
if m= —1:
for i in range(1ll1+41,rl):
if (w[i] != (> and w[i] != 7)’) or \
(w[i] = )’ and P[i] > 11) or \
(w[i] = ’(’ and P[i] < rl):
wl 4= w[i]
elif w[i] = ’)’ and P[i] < 11:
for 1 in range(P[i],i+1):
wl += w[l]
else:
for 1 in range (i,P[i]+1):
wl 4= w[l]
else:
M = P[m]
for i in range(ll+1M):
if w[i] != ')’ or P[i] > Il:
wl += wli]
else:

for 1 in range(P[i],i4+1):
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wl += w[l]
for i in range(m,M+1):
wl += wl[i]
for i in range(m+1,rl):
if wli] != ’(” or P[i] < rl:
wl += w[i]
else:
for 1 in range(i,P[i]+1):
wl 4= w[1]
return wl

ALGORITHM 4

Firstly, the routine verifies the value of the parameter m. If it is different from
—1, it means that the labels are in a same w-power and the value of m is the
position where the largest w-power containing both labels begins. The son consists
of the concatenation of the suffix of this w-term beginning in the left label, with
the respective w-term and the prefix of it ending in the right label. Moreover, all
the w-powers containing one of the labels are concatenated as they are read. If
the parameter m is equal to —1, meaning that the labels are not in a same w-
power, the routine constructs the son just reading the word from left to right and
concatenating all the w-powers containing one of the labels.

We finish with an example of a DA-automaton G(w) constructed by the described
algorithm:

Example 5.1. Let w = (ab¥caa®)” and @ = (a(b)ca(a)). We have LeftLabel = ¢
in the position Il = 5 and RightLabel = b in the position rl = 3. As these labels are
in the same w-power, corresponding to the interval [0, 10], it follows that the first
occurrence of ¢ appears before the last occurrence of b, when we read from left to
right. Thus the central basic factorization of w is standard. The sons are calculated
with the functions SOforget, Slremind and S2forget, respectively, and correspond
to the following words: wy = a(b), w1 = a(a)(a(b)ca(a))a(b) and wq = ca(a). The
other states are constructed recursively. The DA-automaton G(w) associated to the
w-term w = (ab”caa®)* is described in Figure 1.

FIGURE 1. The DA-automaton G(w) associated to the w-term w = (ab”caa®)®.
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5.4. The complexity of the algorithm. As explained in the previous subsec-
tions, the algorithm constructs, in each step, the factors of the central basic factor-
ization of the w-term that we are considering. However, nothing so far guarantees
that the algorithm stops and, consequently, that the automaton G(w) is finite.
This is what we propose to prove in this subsection together with the study of the
complexity of the algorithm.

Let w = word(w) be the input and let |@w| = n. For | < n, k; is the number of
pairs of parentheses containing the position [, K = max;<, ki, [(; j) is the length
of the subword bounded by the pair of parentheses (i,7), with 0 < 4,j < n, ie.,
the length of the subword corresponding to the w-power (i, ), ®; is the sum of the
lengths of the subwords corresponding to the w-powers containing the position [
and ® = max;.,, ¥;.

Lemma 5.2. Let w € TY{. The length of an w-term representing a DA-factor of
the w-word 1(w) is bounded above by n + 2P.

Proof. We give an upper bound for the length of the words corresponding to each
vertex of G(w), using the parameters defined above.

We start by observing that the functions whose name includes forget create
a word with length strictly smaller than the length of the input given to that
function. So, it is enough to verify what happens when we apply to a word a
function whose name includes remind. Consider the function SOremind and suppose
that wy = SOremind(w). Note that, in this case, the central basic factorization of
w is overlapped. Let rl be the position of the right label. Then we have |wg| =
rl + Zi<rl<j([(i7j) —1)=rl+ P, — kyy < n+ P, because we insert in the prefix
of the word w ending in r! the subwords corresponding to the w-powers containing
rl. Similarly, for ws = S2remind(w), we have |wa| = Ul + @y — kyy < n + .
If the central basic factorization of w is standard, we have w; = Slremind(w).
It follows that |wy| < (rl =1l — 1) + ZK”Q([@J) -1+ Zi<rl<j([(i,j) -1) =
(7”[ — 1l — 1) + ((13” — kll) + (‘I%l — krl) <n+29.

In the following iterations, we have the same procedure. When we cut the word
to create the three sons, the functions remind add the subwords corresponding to
the w-powers containing the position where we cut. Note that, when this cut is done
in a factor which had been added previously to the subword that issued from w,
the number of pairs of parentheses containing this position decreases and we have
just those corresponding to the w-powers which had not been added (when we read
from the center to the borders). It follows that, in any depth that we are working,
|a| < n+ 2P, where @ is a word corresponding to a state of the automaton. O

We note that, in the above proof, we could use the number (2K + 1)|w| as an
upper bound of |a|. However, the upper bound that we have considered is smaller
and easily computable. As the length of a word corresponding to a state of the
automaton is bounded above and A is a finite alphabet, it follows that V', the set
of states of the automaton, is finite. Hence G(w) is finite.

Corollary 5.3. The automaton G(w) produced by the algorithm is finite.

Although the previous lemma tells us that the number of states of G(w) is finite,
we need to find a smaller upper bound for this number so we can show that the
complexity of this construction is polynomial.
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We consider the following sets:

Q(w) = {(i7j7pi>pj) | -1<i,j< |U7|, )‘(1)7)‘(.” g—f {(7)}7 0<p; <k 0 Spj < kj}
and
T(w) = {@,j,ps,p,) | (0,7, pi,p;) € Q(w)}

where k; and k; are the numbers of pairs of parentheses containing the positions
i and j, respectively, and @ j p, p,) is the word obtained from w beginning at the
position ¢+ 1, ending at the position j — 1, reading, from left to right, the first p; w-
powers containing ¢ and reading, from right to left, the first p; w-powers containing
the position j. We also use these parentheses as bridges to go from a higher position
to a lower position (or the dual, when we read from right to left) and this is done at
the largest w-power containing both positions and that is read in any of the ways.
If there is no w-power to be read, then we go from a higher to a lower position
by the smaller w-power containing both positions 7 and j. The following example
should help to understand this definition.

Example 5.4. Let @ = a(b(cb)ab)a. We have, for example, the following elements
of T'(w):

W(-1,7,0,0) = ab(cb)

W(—1,7,0,1) = a(b(cb)ab)b(cb)

W(_1,50,1) = ab(cb)c

W(—1,5,0,2) = a(b(cb)ab)b(cb)c

W(5,4,0,0) = €

W(5,4,1,0) = (cb)

W(s,4,1,2) = (cb)ab(b(cb)ab)b(cb)

W(s,4,2,2) = (cb)ab(b(cb)ab)(b(cb)ab)b(cb).

Let Ag : Q(w) — T'(w) be the function that maps each tuple (¢, j, p;, p;) € Q(w)

to the word w; jp, p,) € T(W).

Proposition 5.5. The function Ay : Q(w) — T(w) has in its image all words
corresponding to the states of G(w).

Proof. Let @ be a word corresponding to a state of G(w). Then @ is a son of a word
v and, therefore, u begins and ends, respectively, at positions ¢ and j corresponding
to the left and the right labels of the central basic factorization of o (4 = 77), or
i + 1 is the initial position of ¥ and j is the position corresponding to one of the
labels (@ = ¥p), or the dual (& = v2). The numbers p; and p; correspond to the
w-powers containing i and j, respectively, that are considered when we read from
i to j and from j to i, respectively. Note that the order in which these w-powers
appear, when we read from the borders to the center, is from that of the smallest
length to that of the largest length. It follows that u = w; jp, ) for the values i,
J,» p; and p; chosen above. (I

We note that Ay is not an injective function. For example, the empty word
is the image of all pairs of the form (i,i 4+ 1,0,0), —1 < i < |@|. Moreover, the
elements W; j p, p,) and W jp,—1,p,+1) May have the same image under Ag. This
follows from the fact that the p;-th w-power when we read from the left coincides
with the (p; + 1)-th w-power when we read from the right. By Proposition 5.5, we
have the following:

Corollary 5.6. The number of states of G(w) is at most (|w| + 2)%(K + 1)2.
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Now, we are ready to determine the complexity of our algorithm. The main
function that constructs the automaton consists of a routine that processes each
state of the automaton once. For each element of V', it tests if this state has already
been processed, involving O(|V]) < O(Jw|>K?) steps. Then, it computes the left
and the right labels with the respective functions. These functions read each letter
of the word and, whenever a new letter is found, it is kept in the variable Il (respec-
tively, 7l). The complexity of these functions is O(|A|(|w| + ®)). Afterwards, the
algorithm constructs the sons of the state that is being processed using the func-
tion Factorization. This function uses the function Parenthesis and the functions
to compute the sons. The function Parenthesis reads the word and computes a list
with the positions of the pairs of matching parentheses, with complexity O(|w|+ ®).
The functions which construct the sons read the word corresponding to the state
and the w-powers that will be considered in the new word. So, the complexity of
that is O(|w| + ®). It follows that the complexity of the function Factorization is
O(|w| + ®). Hence, the complexity of the algorithm is:

(1) V- O(V]+2/A|(|@] + @) + 3(|w| + @) < O(lw|*K?).
We have proved the following theorem:

Theorem 5.7. The algorithm that constructs the automaton G(w), described in
the previous subsections, has complexity not exceeding O(|w|*K*).

We have already observed, after Lemma 5.2, that (2K + 1)|w| is a higher upper
bound for the length of a word corresponding to a state than the upper bound
established in the proof of the lemma. However, we use this number make it easier
to prove the inequality 1.

Probably, an improvement of the programming and the discovery of a smaller
upper bound for the number of states of the automaton allow us to compute a
smaller upper bound to the complexity of the computation of G(w). However,
this upper bound can not be smaller than O(|w|?), as we can see by the following
example:

Example 5.8. We consider the sequence of words (@W,)neny where
Wy, = (an(an-1(---(a1)))), with a; # a;, if i # j. We have |w,| = 3n and |4, | = n,
where A,, is the alphabet involved in w,. We compute the number of states of
G(wy,), |Va|, by recurrence.

For n = 1, w; = (a1), and for n = 2, ws = (az(ay)), the words corresponding
to the DA-factors are, respectively, (a1) and €, and (az(a1)), a2, (a1)(az(a1)), (a1)
and ¢. Hence G(wy) and G(wz) have, respectively, 2 and 5 states.

Let w,, = (an(an—1(---(a1)))), with n > 3. The central basic factorization of wy,
produces the following sons: anan—1--- a2, (a1)(az(a1)) - (an(an-1(---(a1)))) =
W1 Wg « -+ Wy, and (an—1(---(a1))) = Wp—1. Thus, the number of states of G(w,,) is
the sum of the number of states of G(w,,—1) with the other states corresponding to
the DA-factors of w,, and that are not DA-factors of w, 1. Let @,,) = anan_1--- a2
and w,,(1y = (a1)(az2(a1)) -+ (an(@n-1(---(a1)))) = Wiz - - - W, be, respectively, the
sons of w, by the edges labeled 0 and 1. The successive iterations of the central
basic factorization of w,) produce the factors a,—1---as, an—2---aq, ..., and
Ants@ni (respectively, az,ifnis even). Note that these factors are not states of
G(wn—1). Hence w, has 27! factors (respectively, 2 factors, if n is even) which
are descendants from the left edge of the state w,. On the other hand, the central
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basic factorization of Wr(1) produces the factors wiws -« - Wp_1, Wy_1Wy and Wy, _1.
Note that @, 1w, is the only factor which is not a state of G(w,_1), since it has
in its content the letter a,,. Moreover, the central basic factorization of this factor
produces the factors w,_1 and w,_1w,, which were already counted. Thus, we
count two new factors which are descendants from the central branch. We have the
following recurrence formula for the number of states of G(w,), with n > 3:

n

[Val = Voo +3+ | 5|
and, therefore, using basic calculus, we have, for m > 1,
Voma1| =9+ (m+8)(m —1)
and
[Vam| =5+ (m +7)(m —1).
Hence, the number of states of G(w,,) is Q(|w]?).

Given an automaton G(w), we construct the finite automaton that recognizes
L(w) by replacing the label of each edge of G(w) by the ordered pair whose first
component is the label of the edge in G(w) and the second component is the label
of the initial state of the edge in G(w). After that, we minimize the automaton.
Brzozowski’s Algorithm [7] and Hopcroft’s Algorithm [8] to minimize a finite de-
terministic automaton are well known and they have exponential and O(lmlogm)
complexity, respectively, where [ is the cardinality of the alphabet and m is the
number of states of the automaton. However, Almeida and Zeitoun [6] described
an algorithm to minimize a finite deterministic automaton whose strongly con-
nected non-trivial components are cycles, in time O(l + d), where d is the number
of transitions of the automaton. Note that G(w) satisfies this condition, since in
any cycle of G(w) the edges are labeled by (1,z), with z € A x AU A and there
is only one edge going from each state with first component labeled 1. As the
number of states of the automaton is bounded above by (|w| + 2)?(K + 1)2, the
number 3(|w| + 2)2(K + 1)? is an upper bound for the number of transitions of
the automaton. Furthermore, in 1971, Hopcroft and Karp [9] presented a linear
algorithm for testing the equivalence of two finite deterministic automata without
requiring previous minimization. So, we have established the following result:

Theorem 5.9. The word problem for w-terms over DA has a solution in polynomial
time, not exceeding O((nK)*), where n is the length of the word corresponding to
the w-term and K is the mazimum depth of w-powers.

Example 5.10. The minimal DA-automaton of the w-term w = (ab¥caa®)® is
represented in Figure 2. It follows from identifying states vio9 and w1991 of the
automaton G(w) presented in the Example 5.1. Note that the state v129 corresponds
to the w-term a“ and the state v1991 corresponds to the w-term aa®“, which are equal
over DA.
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FIGURE 2. The minimal DA-automaton associated to w = (ab“caa®)®.
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