®

Check for
updates

An Efficient Characterization of Petri Net
Solvable Binary Words

David de Frutos Escrig!, Maciej Koutny?, and Lukasz Mikulski®®)

! Dpto. Sistemas Informéticos y Computacién, Facultad de Ciencias Mateméticas,
Universidad Complutense de Madrid, Madrid, Spain
defrutos@sip.ucm.es
2 School of Computing, Newcastle University, Newcastle upon Tyne NE4 5TG, UK
maciej.koutny@ncl.ac.uk
3 Faculty of Mathematics and Computer Science,

Nicolaus Copernicus University in Torun, Chopina 12/18, Torun, Poland
lukasz.mikulski@mat .umk.pl

Abstract. We present a simple characterization of the set of Petri net
solvable binary words. It states that they are exactly the extensions of
the prefixes of Petri net cyclic solvable words, by some prefix z*, where
is any letter of the binary alphabet being considered, and k is any natural
number. We derive several consequences of this characterization which,
in a way, shows that the set of solvable words is ‘smaller than expected’.
Therefore, the existing conjecture that all of them can be generated
by quite simple net is not only confirmed, but indeed reinforced. As a
byproduct of the characterization, we also present a linear time algorithm
for deciding whether a binary word is solvable. The key idea is that the
connection with the cyclic solvable words induces certain structural reg-
ularity. Therefore, one just needs to look for possible irregularities, which
can be done in a structural way, resulting in a rather surprising linear-
ity of the decision algorithm. Finally, we employ the obtained results to
provide a characterization of reversible binary transition systems.

Keywords: Petri net + Binary word - Word solvability - Reversibility
Binary transition system

1 Introduction

In the past few years several authors investigated finite labelled transition sys-
tems (flts) which can be solved by Petri nets (i.e., flts’s which are isomorphic
to the reachability graphs of Petri nets). The solvability problem turned out to
be more complicated than expected and a very particular case of the general
problem, where the flts’s are linear and defined by binary words, was studied
first. Based mainly on the theory of regions [1] many useful properties of the
set of solvable words have been obtained. In particular, [5] presented two deci-
sion algorithms (with quadratic time complexity) for the solvability of finite and
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cyclic words. Both algorithms are based on a quantitative analysis that relates
the number of a’s and b’s in any ‘convenient’ piece of the tested word w, check-
ing whether in all cases the obtained quantities are close enough. In this way,
the sets of solvable and cyclic solvable words are totally characterized. [5] was a
continuation of [2], that introduced quantitative techniques used also here.

Studying the two (collections of) conditions that characterize both solv-
able and cyclic solvable words, we observed that they are related, and in fact
look quite similar. However, following a closer investigation we discovered some
important differences that make it difficult to bring to light the close connection
between these two sets of solvable words. As discussed in Sect. 4, the conditions
verifying the solvability of (plain) words compare any two consecutive parts (3
and -y, which are connected producing a full sequence yBzyy, where x # y are
letters of the alphabet {a, b} being considered. However, in the cyclic case, the
two compared parts cover the whole verified word, i.e., w' = yBzy for a cir-
cular permutation w’ of the verified word w. The first property can be seen as
local, since we need to compare two (consecutive) pieces that can be arbitrarily
long/short, whereas the second is global.

This paper focuses on the structural results. Some are recalled from [2,5], and
prove that solvable words can be decomposed into blocks ab™. We reformulate
the original conditions giving more precise description of block decomposition
which is easier to verify. An informal statement of the resulting criteria is as
follows: ‘Any two adequate pieces, consecutive or not, of a solvable word must
contain quite similar proportion of a’s and b’s’. Moreover, an adequate piece can
be understood as a sequence ab®iab®i+ . ..ab"+m-1 of full blocks.

The only difference between the two sets of conditions is the way in which
they treat the beginning of a word. In the plain case, a prefix z* (followed by
y # x) will not be considered in most cases. In the cyclic case, any part of the
word is subjected to the same procedure due to the circularity of cyclic words.

As long as we test (nearly) any two pieces of a word in order to verify its
solvability, the corresponding algorithm remains quite costly. In fact, a direct
check of the restated criteria would be even worse in the general case, since we
need to check also nonconsecutive pieces. Having said that, the algorithm could
be used to catch unsolvable words in a fast way, by exhibiting two unbalanced
(possibly nonconsecutive) sequences of blocks.

The structural properties stated in [6] imply that no cyclic solvable word w
contains both aa and bb, which could be seen as the simplest version of the proce-
dure confirming unsolvability, and is also a basic test when we check solvability.
And, if w passes it, we apply the block decomposition results. More precisely,
we take advantage of the result that there are no two full blocks ab® and ab®
with |z; — ;| > 2, which is another example of our linear time local test.

If both simple tests are passed, we need to check more sophisticated condi-
tions. In particular, if w is solvable and contains two consecutive ab®~! blocks,
then it cannot contain two consecutive ab® blocks. This corresponds to the struc-
tural periodicity of solvable words: if there are no two unbalanced pieces at the
level of single letters, then we proceed at the level of blocks. We then continue
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the analysis in a similar hierarchical way, checking larger and larger parts of the
word, until either we find a witness of unsolvability, or we terminate arriving
at a trivial solvable word which proves the solvability of the original word. For-
tunately, each step of this recursive procedure at least halves the length of the
checked word. As a result, even if the number of iterations is logarithmic, the full
cost of the algorithm is linear, as each of the iterations is linear in the current
size of the checked word.

We adopted from [6] the idea to generate recursive reductions, called here
derivatives. The authors of [6] introduced a compression operator that applies
our general derivation operator in a particular case of the generation of a minimal
unsolvable word from another, longer word. In fact, along with the compression
mechanism, [6] presented an extension procedure that played a dual role. In a
similar vein, we will introduce a general integration operator, and show that
derivation/integration preserves and reflects solvability (and so also unsolvabil-
ity!). Its application will lead, as annouces above, to a pair of optimal (linear
time) decision algorithms, which verify both plain and cyclic solvability.

Our initial motivation was to extend the existing results on solvability, con-
tinuing the study of the reversibility of linear transition systems initiated in the
conference version of [4], where questions about decidability of several related
notions are studied. In this paper, we show that a linear transition system can
be reversed if and only if both the word w generated by the system, and its
reversed version w”™’ are solvable. Then, we look for a more explicit definition
of the set of reversible words. In [3] it was already demonstrated that not every
solvable word is reversible. However, we show that all the cyclic solvable words
are reversible. Hence, towards the end of in this paper, we will look for the con-
nections and differences between these two classes. We show that there are a
few ‘simple’ reversible words that are not cyclic solvable, but all the other ‘more
complex’ reversible words are.

The paper is organized as follows. After recalling the basic notions in Sect. 2,
Sect. 3 contains new characterizations of cyclic solvable words, including the
efficient algorithm for detect them. Sections4 and 5 deal with plain solvable
words and reversible words, respectively. A brief section containing conclusions
ends the paper.

2 Basic Notions

The sets of all integers and non-negative integers are denoted by Z and N,
respectively.

Words. A word over an alphabet T is a finite sequence w € T™*, and it is binary
if |T'| = 2. The empty word is denoted by e. The reverse of a word w =t;...¢,
is w™ = t,...t;. For a word w € T* and a letter ¢t € T, |w| denotes the
length of w, and |w|; denotes the number of occurrences of ¢t in w. Moreover,
lwly = |wls/|w|, and if |w|, = 0, then |w[j = co. A word w’ € T* is called
a subword of w € T* if w = uw'v, for some u,v € T*. In particular, w’ is a prefiz
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of wif u = ¢, a suffir of wif v = ¢, and an infix of w if u # € # v. The
concatenation of k copies of a word w € T* is denoted by w*. Moreover, w®
denotes an infinite word obtained by concatenating infinitely many copies of w.
Note that in the denotation w* we explicitly indicate the period w which is used
to construct the infinite word ww . ... Similarly, uw® denotes an infinite word
uww . .. constructed using the prefix u and period w.

For two alphabets T and V', a mapping ¢ : T* — V* is a morphism if ¢(e) = ¢
and ¢(uv) = ¢(u)p(v), for all u,v € T*. A morphism ¢ is uniquely determined
by its application to the members of T'.

Transition Systems. A finite labelled transition system (or flts) is a tuple TS =
(S,T,—,s0) with a finite set of states S, a finite set of labels T, a set of arcs
—C (S xT x S), and an initial state so € S. A label t is enabled at s € 9,
denoted by s[t), if (s,t,s’) € —, for some s’ € S. A state s’ is reachable from
s through the execution of o € T*, denoted by s[o)s’, if there is a directed
path from s to s’ whose arcs are labelled consecutively by o. The set of states
reachable from s is denoted by [s). A sequence o € T* is enabled at a state s,
denoted by s[o), if there is some state s’ such that s[o)s’.

the ={se€ S |3’ €S :(s,t,s) e=}and *trg ={se€ S| 3 € S:
(s,t,s') €—} are respectively the sets of all states having an incoming arc
labelled with ¢, and _an outgoing arc labelled vli)th t. The set of all arcs labelled
by t is denoted by ¢ . We assume that each t is nonempty, and each state is
reachable from sg.

Two flts’s, (S, T, —, so) and (S', T, —', s3), are isomorphic if there is a bijec-
tion ¢: S — S’ with ((so) = i, and (s,t,s") € =< (((s),t,¢(s")) € =’, for all
s,ss€SandteT.

Petri Nets. A (place/transition) net is a tuple N = (P, T, F, My), where P is a
finite set of places, T is a disjoint finite set of transitions (or actions), F' is the
flow function F: (P x T)U (T x P)) — N specifying the arc weights, and My
is the initial marking (where a marking is a mapping M: P — N).

A transition ¢ € T is enabled at a marking M, denoted by M][t), if M(p) >
F(p,t), for every p € P. The firing of an enabled ¢t at marking M leads to M’,
denoted by M[t)M’, where M'(p) = M (p)+F(t,p)—F(p,t), for every p € P. The
notions of enabledness and firing, M[o) and M|[c)M’, are extended in the usual
way to sequences o € T*, and [M) denotes the set of all markings reachable from
M. For an infinite sequence of transitions, o € T%, we write M[o) if M[o’), for
infinitely many finite prefixes o’ of 0. We assume that each transition is enabled
in at least one reachable marking.

Transition enabledness is monotonic, i.e., if a transition ¢ is enabled at a
marking M and M (p) < M'(p), for every p € P, then t is also enabled at M’.

The net N can also be specified as (N', My), where N' = (P, T, F).

Synthesis of Words. A Petri net N = (P, T, F, My) net is bounded if the set of
reachable markings [My) is finite, and its reachability graph is then defined as
the flts RG(N) = ([Mo), T, {(M,t,M') | M, M’ € [Mo) N M[t)M'}, My). If an
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fits TS is isomorphic to the reachability graph of N, then N solves TS, and TS
is synthesizable (to N).

Let w = t1...t, and u = tyy1...tnen be nonempty words, T' =
{t1,..ytm}, and T" = {t1,...,tmin}. Then w/w® /wu® is solvable if respec-
tively

TSw =({0,....m}, T, {(i—1,t;,7) | 1 <i<m},0)
TSzcu = ({Oa'“am*1}3Tv{(i*17ti>i) ‘ 1 §i<m}U{(m71,tm,0)},0)
TSy, ={0,....,m+n—1}T,

{t—=1,t,9) |1 <i<m4ntU{(m-+n—11tn,m)}0)

is a synthesizable flts. Moreover, a Petri net N solves w/w* /wu® if respectively
the fits 7S,/ TS%,/ TSY, ,, is synthesizable to N (see Fig. 1).

In the rest of this paper, T' is a binary alphabet and all the finite words
considered belong to T*. Moreover, x,y,t; typically stand for the letters in T,

and unless stated otherwise, T' = {a, b}.

,— ©

0 1 2 3 4 Y

o —a= 0 —h 0 —(> 0 —|)> o n e n

Fig. 1. The fits TSabap, and two Petri nets solving abab. The second net without the
middle place solves (ab)®.

3 A Finer Characterisation of Cyclic Solvable Words

Two words, w and w’, are circular equivalent if w = uv and w’ = vu, for some u
and v. We denote this by w = w’. One can show that = is an equivalence relation.
The equivalence classes of = are circular words, and the circular word containing
w=ty...ty is [wle = {t;...tpt1...ti—1 | 1 < i < n}. Hence |[w]=| < n, and
if |[w]=] = n, then w is prime. One can show that, for each word w, there is a
unique prime word u and k > 1 such that w = u*. The subwords of [w]= are all
the subwords of the members of [w]=.

A word w is cyclic solvable if u* is solvable, where u is the prime satisfying
w = u¥, for some k > 1. In such a case, every member of [w]-= is cyclic solvable,
and [w]< itself is solvable. A set of nets N solves [w]= if they cyclic solve all the
members of [w]=.

The above definitions are more subtle than it might appear at a first glance.
First, notice that u* and (u*)“ ‘construct’ the same infinite word, but do so
using different periods and the solvability is tested using different flts’s, viz.
TS, and TSg:. Moreover, whenever u is not prime, no Petri net can solve u®,
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and so generate the infinite cyclic word w denoted by it using u as period. In
particular, if we take (u¥)* with & > 1, then TIS¢, would include at least two
different states generating w, and all such states should be represented by the
same marking in the reachability graph of a Petri net to which T.S¢, might be
synthesiszable. This, however, is impossible.

Situations describe above are not a problem for the definition of cyclic solv-
ability since we only consider prime periods u. For example, w = aa is cyclic
solvable because w = a?, a is prime, and the fits TS¢ = ({s}, {a}, {(s,a,5)},s)
can be synthesized to the net N, = ({p}, {a}, F, My) with My(p) = 1 and the
non-zero entries of F being F(a,p) = F(p,a) = 1. On the other hand, the flts
TS¢. = ({s0,81},{a},{(s0,a,s1),(s1,a,80)}, s0) is not synthesizable.

Fact 1 (follows from Proposition 5 in [5]). A solvable circular word does
not have both aa and bb as subwords.

Hence, we will usually assume (wlog) that aa is not a subword of cyclic
solvable words. And, in order to avoid cumbersome trivial cases in proofs, we
will disregard the solvable circular words [a]=, [b]=, and [ab]=. As a result,
we will concentrate on the remaining solvable circular words [w]e, where
w = ab®ab® ...ab"™ and z1,...,z, > 1. Each such [w]= is a circular block-
word, each w is a block-word, and each ab® is a block. Also, a block-subword of
[w]= is € or ab®ab®t1 ... ab% (fori < j)or ab¥ ...ab* ab™ ...ab% (fori > j).
Note that not all such [w]= are solvable, but only those that are also ‘periodic’,

in the sense to be made precise later.

Fact 2 (Theorem 3 in [5]). A circular word [w]= is solvable iff |valj > |wl,
for its every subword ray with x # y.

Following the above result, a circular word [w]= is balanced if, for its every
subword xay with x # y:
lzaly > |wly. (1)

Moreover, if (1) does not hold for zay, then [w]= is za-unbalanced. It turns out

that for circular block-words it suffices to concentrate on block-subwords.

Proposition 1. A circular block-word [w]= is not balanced iff there is a block-
subword w' of [w]= such that [w]= is w’'-unbalanced or bw’-unbalanced.

Proof. Suppose that [w]= is ac-unbalanced. Then we can extend ac by some b/

(j > 0) obtaining a block-subword w’ = aab* such that [w]= is w’-unbalanced.
Suppose that [w]= is ba-unbalanced. If |a|, = 0, then [w]= cannot be ba-

unbalanced. Hence ba = b’w’, where j > 1 and w’ is a block-subword, and [w]=
is bw’-unbalanced. O

Let w be a block-word and ay8§ = w, where «, 7, 3, are block-subwords of
[w]=. Then o and B are complementary if v = § = ¢, and mutually unbalanced,

N i laletl ~ [Ble=1 1Blo+1  |afp=1
denoted by a ~ 3, if o S A O L S e
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An alternative presentation of the balancing property of circular words is
obtained by considering complementary block-subwords. It will later be used to
show that for any unbalanced block-word one can construct a pair of mutually
unbalanced complementary block-subwords.

Proposition 2. Let a and 3 be complementary block-subwords of [w]=.

— If [w]= is ba-unbalanced or o -unbalanced, where &'b = a, then ac ~ .
- If a ~ (3, then w is not balanced.

Proof. Let m and k be the numbers of blocks in « and 3, respectively. Then
|ba)? = M#H < |wlb = W is equivalent to
mlaly +m+ klaly + k < m|aly + m+m(|8]s — 1)

which is equivalent to k(|a|p +1) < m(|5]s — 1). And the latter is equivalent to
oo+l < [8l,=1
m — k : , h
MOI'eOVeI', we have that |Cl0( |g' = Iaa,b% < |U)|g = Wm
alent to m(| B, + 1) < k(|laa’bl, — 1) which is equivalent to 122 nbl”fl > WZH.

O

is equiv-

Next we show that as soon as we have two mutually unbalanced block-
subwords, one can extend one of them by the block-subword positioned ‘in
between’ the original sub-words.

Proposition 3. Let w = ayfB6 be a block-word such that o, 3,v,6 are block-
subwords of [w]= and o ~ B. Then: (i) ay ~ § or a ~ yf; and (i) o ~ 5 or
da ~ (.

Proof. (i) It is a consequence of the following general result. Whenever we have

mi—1 mo+1 . . (m14+p)—1 mat1
> e, then for all p,q with ¢ # 0, we have either g 2 o or

mi—1 5 (matp)tl Indeed, the former is clearly obtained when 2 > ™ and the
ni na—+q q mn1
latter when 2 < ™2 In general, if 2 > M2+L then, by mu=l > m2tl e haye
q mn2 q n2 ni no

mi=1 (ma+p)+1 -1 (ma+p)+1
ny = na+q ny = n2+q

Note: The two cases considered in the second part of the proof cover all
possibilities, but the previous easy cases are included to improve readability.

(ii) The proof is similar as for (i) due to the fact that § lies ‘in between’ 3
and « in the circular sense. a

. And, by symmetry, if % < mrlll_l then

A block-word w = ab®*ab®?...ab"" is block-balanced if, for all 1 < j < k <
[ <m<n

k k
Zi:j Ti > ZZL Ti . Zi:j i —1 < ZZL z;+1
k—j+1 m-I0+1 k—j+1 m—1I1+1

and

k m k m
Zi:j Ty < Zi:l T; N Zi:j ;i +1 S Zi:l x; — 1
k—j3+1 m-1+1 k—j+1 m—1l+1"
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Moreover, if all block-words in [w]= are block-balanced, then w is circular block-
balanced. (Note that in the case of circular block-balancing, if all block-words in
[w]= satisfy (2), then they satisfy (3) as well.) The block-word w is contiguously
block-balanced if the conditions (2) and (3) are satisfied for [ = k+ 1. And w is
contiguously circular block-balanced if all the members of [w]= are contiguously
block-balanced.

Theorem 1. A block-word is cyclic solvable iff it is circular block-balanced.

Proof. Applying Proposition 3 we only need to observe that once we have w =
a0, which is circular block unbalanced because a —~ (3, then ay —~ 3 or
a —~ 73, will be also mutually unbalanced. Suppose (wlog) that the former holds.
Then another application of Proposition3 implies that ay —~ 86 or « —~ v50
holds, and an application of Proposition 2 concludes the proof. a

Corollary 1. A block-word is cyclic solvable iff it is contiguously circular block-
balanced.

Proof. Follows immediately from Theorem 1 and Proposition 3.

Propositions 8 and 9 in [5] imply that solvable circular words can be solved by
‘circular’ nets with two places and two transitions. For all A, B > 1, let Nu5 be
the set of all nets Nag = ({pa, s}, {a, b}, F, My) such that My(p,) + Mo(ps) =
A + B — 1 and the non-zero values for F' are F(p,,a) = F(a,py) = A and
F(pp,b) = F(b,p,) = B.

Fact 3 (follows from Proposition 9 in [5]). Nap solves the unique solv-
able circular word [waple satisfying |lwaple = B and |waply = A. Also, if
gcd(A, B) = 1 then wap is prime, and if gcd(A,B) = C > 1 then w = u®,
where u is prime.

A general result about the extendability of solvable words by prefixes is
Fact 4 (Proposition 4 in [2]). If aw is solvable, then aaw is also solvable.

In other words, a prefix a can be extended to a® without losing solvability.
This is not always possible using b instead of a, since otherwise any word would
be solvable. However, any cyclic solvable word can be prefixed by a* or b, for
any k > 1, yielding a solvable word (although, in general, not cyclic solvable,
and not even a subword of a cyclic solvable word). It seems that this fact was
not yet used in the literature, and it has indeed been one of the key observations
leading to our new characterization of (plain) solvable words.

Proposition 4. Let A, B,k > 1 and Nag = ({pa,ps},{a,b}, F, My) € Nap be
a net solving w* . Moreover, let N' = ({pa,pv}, {a,b}, F', M{)) be a net such that:

~ F'(pa,a) = F'(a,py) = A, F'(py,b) = B+ k, F'(b,p,) = kA, and F'(b,p,) =
B are the non-zero values of F', and
= M(pa) = kA + Mo(pa) and Mo(ps) = kA + Mo(ps).-
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Then N' solves akw®.
Note: A symmetric construction solves b¥w®.

Proof. The kA additional tokens in p, allow the firing of a¥. At the same time,
b is not enabled since My(py) + (k—1)A < B+kA as My(py) > A+ B. After the
firing of a”, the kA produced tokens will remain frozen at py, and the remaining
tokens will ‘constitute’ the initial marking M, for N4pg, so that the subsequent
behaviour of N’ will generate w®. O

A direct consequence of the last result is that all the infinite words represented
by 2w, where w is a cyclic solvable word, are solvable.

G1ven an integer e > 2, a block-word ab® ...ab"™ is an e-block-word if
Z1,...,Tm € {€ —1,e}. From the results in [5], it immediately follows that each
cyclic solvable block-word is an e-block-word, for some e > 2. We next apply our
characterization of cyclic solvable words to demonstrate a duality between the
ab®~! blocks and ab® blocks, which can be swapped without affecting solvability.

Proposition 5. An e-block-word ab®™ ...ab*™ is cyclic solvable iff the e-block-
word ab®*~1~T1gb2e—1=72  qgb2e~1=%m 45 cyclic solvable.

idm—1o_ 1 7+m 1
Proof. We first observe thatw 2e—1— L=l e g s Hence we have

H»m 1, Z]+k 1. iftm—1, Z]+k 1 P .
that 2= = — 2 — T 2T s equivalent to:
itm—1 Itk i+m—1 Jtk—1
> (2e-1-zy) > (2e—l—ay) S (2e—1-m,)+1 > (2e—1-my)—1
s=i t=j s=i t=4
m < k - ™ > % .0

3.1 An Efficient Algorithm to Detect Cyclic Solvable Words

Having observed (wlog) that all the solvable cyclic block-words are e-block-
words (i.e., they are built from two kinds of blocks), one can intuitively foresee
the internal periodicity of cyclic solvable block-words. This means that the full
word w not only appears as period of the corresponding infinite (cyclic) word,
but also the internal structure of w is periodic, and the blocks are distributed in
a periodic way.

Definition 1. The derivative words of an e-block-word w are defined as follows:

— 01(w) is obtained by replacing in w each block ab®~* by 1, and each block ab®
by 2.

— Oa(w) is obtained by replacing in w each block ab~! by 2, and each block ab®
by 1.

We use as alphabet {1,2} in order to reflect the numerical information contained
in the blocks. Note that both derivative words ignore the actual value of e.

As shown later in Corollary 2, cyclic solvable e-block-words cannot contain
both ab® tab®~! and ab®ab®. Hence, we complete the definition of derivative
words in the following way.
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Definition 2. An e-block-word w is derivable if it does not contain ab® ‘ab®~!
or ab®ab®. Moreover, its derivative is defined as O(w) = Oo(w) if the former
holds, and as O(w) = 01 (w) otherwise.

A word b*°ab® ... ab*™ab®™+1 is semi-derivable if ab®! ...ab"™ is derivable
and 1 < zg, Tmy1 < min{zq, ..., 2} + 1.

Hence we have 0(w) = 1¥%021¥121¥%2 ... 21¥~ for some n > 1 and y1,...,yn > L.
Moreover, inverse transformations can integrate words like 1¥021¥121¥%2 ... 21Yn.
Since we can choose any e > 2, and either ab®~! or ab® to appear more often
this can be done in infinitely many ways.

Definition 3. For each e > 2 and v = 1Y021Y121Y2 .. . 21%"  we define:
/ U= ¢1'—>ab@*1,2b—>abc (U) and / v = ¢1'—>abﬁ,2b—>ab6*1 (’U)
e,l e,2

where @1 20, 18 a morphism replacing 1 by z and 2 by 2'.

Hence we always have 0;([, ;v) = v, for all i € {1,2} and e > 2.

We will now aim at a structural characterization of cyclic solvable words,
that will lead to an (optimal!) algorithm detecting such words. In order to see
how the relationship between (un)balanced words and their derivatives works,
we discuss a simple example.

Consider v = 212111 which contains two mutually unbalanced block-
subwords 21 and 2111 (note that 371 # 1), Let us have a look at its integrals
wy = [,, v = (ab®ab)(ab®ababad) and wa = [, , v = (abab?)(abab’ab’ab?), where
the parenthesis separate contributions of the two blocks in v. Both w; and ws
are unbalanced. In the first case, we can take the block-subwords wy; = ab’abab?

and wio = ababab satisfying:

lwirlp—1 _ 2:241.1—1 £ 0:243-141 _ Jwizlp+1

lwitla 2+1 0+3 [wizla

In the second case, we can take wo; = ab?ab®ab? and wos = abab®ab satisfying:

|wailp—1 _ 0-143-2—1 £ 2LEL24] |waz]p+1
[w21la 0+3 2+1 [wazla *

There are two things to be considered. The first is that do> works in a covariant
way, so that ‘wherever’ v has ‘too many’ 1’s, ws has in turn ‘too many’ b’s. On the
other hand, 9; works exactly the other way around, i.e., in a contravariant way.
Besides, in both cases the block-subwords that now are mutually unbalanced
do not coincide exactly with the integrals of the mutually unbalanced block-
subwords in v. Indeed, w11 and wes (observe again the duality!) need to expand
the corresponding block-subword, borrowing the following block, while w5 and
w12 lose their first blocks. In the general case, we have the following:

Theorem 2. An e-block-word w is cyclic solvable iff w is derivable and O(w) is
cyclic solvable.
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Proof. First, if w contains both ab®~1ab®~! and ab®ab®, then it is not cyclic solv-
able. Let us suppose that it contains ab®ab®, which corresponds to the covari-
ant case, as explained in the introduction to the proof. Now, if 9(w) is not
cyclic solvable, then its alternative presentation v’ = 21Y121%z ..  21¥»T% jg
not either. To simplify the notation, we consider first the case yg = 0. Apply-
ing Theorem 1, we should have two block-subwords 21¥:21¥i+1 ... 21¥%+r-1 and
B B o . Sl 1 Z?I’“l yet+1 .
21Yi21%+1 [ 21Yitk-1 with <=t - > s . If we consider the
corresponding block-subwords in fe’2 v:

— wy = ab®"(ab®)¥iab®t(ab®)¥i+1 .. ab¢"(ab®)Yi+r-1 and wy = ab®tw)
— wy = ab®~1(ab®)¥%iab’~1(ab®)Yi+1 ... ab®"1(ab®)¥%i+r-1 and wh = woab®t

itp—1 jtk—1

/ (p—1D(e—D+e > y—1  (k+1)(e—1)+e > wi+l ,

[wilp=1 _ s=i i=j _Jwh|p+1
we have . = & > - = b ¥

[wila itp—1 Jk—1 [w]la

(P-D+ X wvs (k+1)+ X e
s=1 t=j

And the contravariant case can be treated in a similar way, but reversing the
inequality.

For the converse, let us consider an e-block-word w = ab®! ...ab"™ and its
[wilp=1  |wj]
[w]]a

two block-subwords, wj and w}, satisfying ,b|+1. Reasoning similarly

Z Tup
as in Proposition 1, we obtain that w] = (ab®)¥*...ab" !(ab®)¥m, and w) =
ab’=1(ab®)¥ ... (ab®)¥r+r—1ab¢~1. Also, wy; = ab® 1w/ and wy such that wh =
woab®~1, are block-subwords of w, so that d(w) contains the block-subwords
21Y1 .. 21Y and 21Y% ...21Y%+r-1 Hence we can see that all this corresponds
to the situation that we had in the first part of the proof, so that reversing our
arguments we conclude as required. a

Theorem 3 (efficient recursive algorithm checking cyclic solvability).
The following PROLOG-like algorithm checks in linear time the cyclic solvability
of an e-block-word w = ab**ab*2 ...ab"™.

—Afxy ==y
then CyclicSolvable(w)
- if T = Tip1 # Tj = Tj4a, for some i, j
then —CyclicSolvable(w)
—if w = (ab®)f (ab®1ab®)" (ab®~1)9, for some f,g € {0,1} andn > 1
then CyclicSolvable(w)
else CyclicSolvable(w) = CyclicSolvable(d(w))

Proof. The algorithm checks the cyclic solvability of w by Theorem 2. It termi-
nates in linear time since |w| > 2 - |9(w)]. O

4 Relating Solvable Words and Cyclic Solvable Words

Here we present the main result of this paper, showing that all solvable words
can be obtained by prefixing with z* prefixes of cyclic solvable words.
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Theorem 4. {zFw | k > 0 and w is a prefiz of a cyclic solvable word} is the
set of all solvable words.

In order to prove the (D) inclusion (note that the reverse inclusion holds
by Proposition 6), we give an algebraic characterization of the set of prefixes of
cyclic solvable words. This is very similar to that of the cyclic solvable words in
Theorem 1. We start with recalling an important result.

Theorem 5 (Theorem 2 in [5]). A word w is solvable if, for any decomposition
w = ayfryyd, with © # y, we have |yBlY > |xy|Y.

The above condition is equivalent to ‘@%Tl > Iljﬂfl, and this is indeed very
close to the conditions (2) and (3) in the definition of block-balanced words. We

have found that these are exactly the prefixes of cyclic solvable words:

Theorem 6. A word w = ab® ab®2...ab"*™a is a prefix of a cyclic solvable word
iff w = ab®tab®2 . ..ab*™ is block-balanced.

It is worth to note that the only differences between the statements in The-
orem 1 are first Theorem 6 is that in the latter we need to introduce a final a
in the word, in order to signal the completion of the previous block ab®. On
the other hand, we have the circular character of circular words, which ‘forces’
us to consider also block-subwords that can ‘glue’ the end of the word with its
beginning.

As it is the case for cyclic solvable words, the characterization above remains
valid when we only check contiguous block-subwords.

Theorem 7. A word w = ab®ab®?...ab"™a is a prefix of a cyclic solvable word
iff w' = ab®rab® ...ab*" is contiguously block-balanced.

To prove the last two theorems we need several auxiliary results.

Proposition 6. For any e > 2, no solvable word w contains the subword ab®ab®
before the subword ab® tab* la.

Proof. Let us consider an occurrence of ab®ab® before, and as close as possible,
the occurrence of ab® !ab® ta. Then w = a(ab®ab®)(ab® tab®)* (ab®~tab*~!)ad.
Let y be the first a after o, 3 = (b%ab®)(ab® tab®)*~1(ab®~tab®~!), x the last b
in the subsequence (ab®~'ab®)*, v = ab®~'ab*~!, and the second y be the last a.
Then we get |af|q-[by]p = (2e—1)-(2k+2)-2 = (k+1)-(2e—1)-2 = |aBp- |bV]a,
and thus |af|s - |bY]e # |aBs - |by]e. Hence, by Fact 5 w is unsolvable and thus
we obtain an obvious contradiction, finishing the proof. O

Corollary 2. No solvable circular block-word has ab®ab® and ab® 'ab®~' as
block-subwords.

Proof. In such a case we could always ‘put’ the occurrence of ab®ab® ‘before’
that of ab® 'ab®~!, due to the cyclic character of circular words.

Proposition 7. A solvable word cannot have both ab®ab® and ab®~'ab®* 'a as
subwords, after any previous occurrence of b. O
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Proof. By Proposition 6, the only possibility is that we will have ab® 'ab® 'a
before ab®ab®, possibly sharing the last a of the first, but then, reasoning as in the
proof of Proposition 6, we should have w = ab(ab®~tab®~1)(ab®ab*=1)* (abcab®)s.
Taking as y the first b after a, 8 = (ab* " tab®!)(ab®ab® ')*, as z the first a
in the last block (ab®ab®), v = b%ab®~!, and as second y the last b, we get
|68y - layle = (2e—1) - (2k+2) -2 # (2k+2) - (de —2) = |bBq - |ay]p, Obtaining
again the unsolvability of w. O

Remark 1. Tt is important to observe that the total duality we had in the case
of cyclic solvable words, as shown by Proposition 5, is partially lost when we
consider solvable (plain) words. In particular, from Proposition 6 we conclude
that ab®ab®abab is not a solvable word, while ababab?ab? is solvable, because
it can be decomposed as a(babab®ab?), and babab*ab®ab (or bababab) is cyclic
solvable. However, when considering prefixes of cyclic solvable words, this duality
remains valid, since it can be obtained as an immediate consequence of the
following more general result.

Proposition 8. Let ab®*ab™2...ab"™ be a block balanced e-block-word. Then
ab®¢—1—migp2e—l=22  gp2e—1=Tm 45 block balanced.

Z,’f:j x;—1
E—j11

Proof. We only need to observe that T'Z;j lx ;fl

SF(2e—1—x;)+1) > (2e—1—w;)—1

<

is equivalent to

] > prop , by simply observing that the following
holds: 3% ((2e — 1 — ;) = (2e — 1)(k —j + 1) — Y0 ;. O

As we observed for cyclic solvable block-words, conjugation also preserves
plain block balancing, and this allows to simplify some proofs, by reducing the
number of cases, as in the proof of Theorem 8 below.

Theorem 8. Let w = ab®ab®2 ...ab"™ be a block balanced derivable word, with
O(w) = Oa(w). Then O(w) = 1¥021¥12...21¥+1 is semi-derivable and consid-
ering dw = 21% ... 21% where s = 0 if yo = min{y1,...,Ym} +1 and s = 1
otherwise; and t = m + 1 if Yppp1 = min{yy,...,ym} + 1 and t = m otherwise,
the block-subword ¢1_.q 2—p(dw) is block balanced.

Proof. 1. Suppose that y;, < y;, — 1, where i1,i2 € {1,...,m}. Then, the cor-

responding subwords in w, w; = ab¢"!(ab®)¥rab¢"la and we = (ab®)¥2a,
are clearly not block balanced since ey1+§fi_21)+l < ey;;1 is equivalent to

y1 S y2 — 2.

2. Exactly as above, once w contains a full sequence of blocks (ab®)f !, neither
Yo NOT Y t1 can be greater than f.

3. First notice that d(w’) can indeed contain a nonempty prefix 1%°, but at
the moment we will ignore this, assuming that yg = 0. In the same way,
we will remove the (possibly) incomplete final block 21¥m+1 only keeping it
when y,,,+1 = e. Note that the obtained word 21¥* ...21Y remains block bal-
anced. Let us suppose that this is not the case. Then we have two subwords,

j+m—-1_ k+r—1
9195 .. 21Uitm—1 and 21¥k ... 21¥k+r-12 with =i YTl 5 N witl
m

- T
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To simplify, we write T} = Eiijm_lyl and Ty = Zfi,:_lyi, so that we
have rT7 —r > mTy +m.
Let us consider the two subwords of w’ that generate the two subwords
of the derivative given above, w; = ab®~1(ab®)¥ ...ab* 1 (ab®)¥i+m-1 and
wy = ab’"L(ab®)¥r ... ab®"t(ab®)¥e+r-1. We take w/, where w; = ab® lwj,
|wi|p—1 > |wyp+1

[wila = Twhla -
Since we have |wi|]y = €I1 + (m — 1)(e — 1), |wile = T4 + (m — 1),
|whlpy = eTo + (r+1)(e — 1), and |wh|, = To +r + 1, we obtained exactly the
same situation as in the proof of Theorem 2.
And this gives (|w]|p — 1)|whle > (Jwhlp + 1)|w)|e <= rTh —r > mTs + m.
Finally, when the initial prefix is 1¢, the result remains valid for the whole
word 21% ... 21%. Note that, although we have introduced an additional 2 at
the beginning of the derivative in the case yg = 0, we have also ‘removed’ the
prefix ab®~! of wy, and proceded with its continuation w'. Now, we simply
avoid that complication, working with the full word wy, and the rest of the
proof works in the same way as before. O

and wh = wyab®~t. Hence

Now we can present the proofs of Theorems6 and 7:

Proof (Theorem 6). By the induction on the number of blocks of w. The base
case (i.e., 0) is vacuous. For the inductive case, we first apply Proposition 8 if
needed, so that we can assume 9(w) = 92(w). Hence, we can apply Theorem 8
to conclude that ¢1_.q2p(dw) is also block-balanced, so that we can apply
the induction hypothesis, getting that it is a prefix of a cyclic solvable word,
cw. Now, we can consider ¢ = f872 cw, that contains w as a subword, since
the removed prefix and suffix (if that was the case) would clearly fit into the
blocks before and after dw in cw. Finally, to complete the proof, we just need to
undo the conjugation, if that was applied at the beginning. By Proposition 8 and
Proposition 5 conjugation preserves cyclic solvability. Hence it can be applied to
prefixes of the form w = ab®*ab®2...ab"a. O

Proof (Theorem 7). The result follows immediately from Theorem 6, using the
arguments from the proof of Proposition 3. a

We show that the conditions characterizing solvable words in [5], recalled
here as Theorem 5, are nearly equivalent with our block balancing property, as
the following lemmata states:

Lemma 1

1. Let w be a word and its decomposition w = ayBxyys disproves the solvability
of w with the use of Theorem 5. Then = xf'y, and § =€ or § = xd’.

2. Let w = a*w' and w' = b*ab™ ...ab%ab®+1, where x1,..., 2T, € {e,e— 1}
and xg > 0, for e = min{xy,..., 2} + 1> 1. Then:
(a) If y = a, then yB = ab® ...ab%+m-171 and xy = bab®+n1 ... h¥itni+na—1,
(b) If y = b, then yB = bab™ ...ab"+m -1 and xyy = ab®itm .. hPitnitna—1,
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Proof. (1) If g = yf@', then 3’ makes |5'|, < |8y, and thus can be used instead
of B. And, similarly, if 8 = 3z, then we can take v’ = x+y instead of ; while
if § = yd’, we can take v’ = vy instead of .

(2) This is an application of part (1) to this particular class of words. O
Lemma 2. Let w = a*w’ and w' = b%0ab® ... ab®mab®+1, where x1,..., Ty €
{e,;e — 1} and zp > 0, for e = min{x1,...,2m} + 1 > 1, and the decomposition

w = ayPBryyd disproves its solvability with the use of Theorem 5. Then:

1. If yB = ab® ...ab% 1171 gnd 2y = bab®i+n1 .. b¥i+nitna=1 then yBb ~ 7,
and so ab® ...ab"*m+1 is not a prefix of a cyclic solvable word.
Conversely, if u —~ v are sequences of blocks with ‘u‘lublzl > |”‘Lﬁ’|j1
s unsolvable, for all o and §.

2. IfyB = bab® ...ab%+m1—171 and xyy = ab®i+m .. b¥i+natna=t then 3~ ayb,
and so ab® ...ab*™+1 is not a prefix of a cyclic solvable word.
Conversely,if u —~ v are sequences of blocks with %’%1 < |v|\;,|:1
s unsolvable, for all o and J.

, then auvd

, then abuvd

jBla _ luls < ol _ |07l

Proof. (1) G50 = @™t < [LdT = Tl -
bBls |ulp—1 |v|p+1 lav[p

2) 168l _ < = .

@) B = Tl S L = Tal

Note that these two cases are not totally symmetric, because in the second case
introducing at least one b before u is needed to obtain an unsolvable word. O

And finally we can present the proof of our main theorem.

Proof (Theorem4). Let w = afw’ and w' = b*ab® ...ab"mab®+, where
X1y, Tm € {e,e — 1} and zg > 0, for e = min{zy,...,zn}+1 > 1. We
consider two possible cases:

Case 1: k = 0. Then w = b*...ab"mab®+1. Suppose that the word
w' = ab® ...ab*™ab*m+! cannot be extended to a cyclic solvable word. Then, by
Theorem 7, there exists a pair of contiguous block-subwords u —~ v of w’. This
gives us w = abuvd, for some words o and 3, and we can apply one of the cases
of Lemma 2, whether we have ‘“ll:";l > I”‘Lj’ljl or |““u”|jl < ‘”‘Lflzl, getting in both
cases that w would be unsolvable, against the hypothesis.

Case 2: k > 0. Then we have w = a*b*™ab™ ...ab"ab®+!, and applying
Lemma 2(2) again, if ab®™ ... ab"™ ab®™+! would not be a prefix of a cyclic solvable
word, then bab™ ...ab" ab®™+! would not be solvable, which cannot be the case.
Therefore, ab®™ ...ab*™ab®+! must be a prefix of a cyclic solvable word, and
then b*lab™ ... ab®mab®+! is also a prefix of a cyclic solvable word.

Then, the only remaining case to check corresponds to zog = e, but then
w' = b ...ab®ab®+! can be extended to a cyclic solvable word iff aw =
w' = ab® ...ab®ab®m+1 can be extended. But if this would not be the case,
since w is assumed to be solvable, there should exist a decomposition disproving
its solvability with ¢ = 0. This corresponds to the case y = a. But then, by
Lemma 2(2), we conclude again that w is unsolvable. O
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4.1 An Efficient Algorithm to Detect Solvable Words

Having established that the extensions of prefixes of cyclic solvable words with
an additional prefix of the form x* are the only solvable words, we can now
verify solvability. For this purpose we use the constructive proof of Theorem 8,
combined with Theorem 2, that states that derivation both preserves and reflects
cyclic solvability.

Theorem 9 (efficient recursive algorithm to check solvability). The fol-
lowing PROLOG-like algorithm with clauses applied in indicated order checks in
linear time the solvability of w.

~if w=aFyw and k >0
then Solvable(w) = PrefixCyclicSolvable(yw")
- if w=axxfyyy and x £y
then —PrefizCyclicSolvable(w)
—if w=aFryizk2 for ki, ky € N and j € {0,1}
then PrefixCyclicSolvable(w)

Now w = b*0ab®rab®2...ab"mab®+', where m > 1 and x1,...,Z,m > 1 and
o, Tm+1 € N.

- ifx; >xj+1, for some je{l,...,m} andi€{0,...,m+ 1}
then —PrefizCyclicSolvable(w)
S Afai = =T
then PrefizCyclicSolvable(w)
- if xg < xj, for some j € {1,...,m}
then PrefizCyclicSolvable(w) = PrefizCyclicSolvable(ab™ . ..ab"m+1)
else PrefixCyclicSolvable(w) = PrefizCyclicSolvable(ab®® ... ab*m+1)
= if Tmy1 < xj, for some j € {1,...,m}
then PrefizCyclicSolvable(w) = PrefixCyclicSolvable(ab™ . ..ab"™a)
else PrefixCyclicSolvable(w) = PrefixCyclicSolvable(ab™ ... ab"m+1a)
— if w=(ab®)? (ab"tab®)*(ab*=1)9, for some f,g € {0,1} and k € N
then PrefizCyclicSolvable(w)
else PrefirCyclicSolvable(w) = PrefixCyclicSolvable(0(w))

Proof. Follows immediately from Theorems 2 and 8. Applying the latter we know
that whenever the algorithm declares w not extendable to a cyclic solvable word,
because its derivative was proved not to be such, the decision is sound. And if the
algorithm, after some derivatives, finally reaches some trivial prefix of a cyclic
solvable word, then the application of the former theorem proves that after the
corresponding number of integrations, we would obtain a cyclic solvable word
that extends the considered word w.

The algorithm terminates in linear time, since |w| > 2 - |0w|. O

Let us consider w = b%(ab)?ab?(ab)*ab?(ab)®ab?(ab)*ab?®(ab)*ab’ab. After
removing the prefix b%, we obtain w’ with d(w’) = 1221#21321421421, which once
the short prefix and suffix are removed, can be translated to w” = ab*ab®ab*ab’a.
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Now we have d(w”) = 1212, which produces the simple word ab?, which clearly
is a prefix of a cyclic solvable word. Thus w is solvable.

One can show in an ‘effective’ way that the analysis was correct by con-
structing the primitives of the involved words, that will be cyclic solvable words
extending them (see Fig. 2). In particular, we see first that 212 proves that 9(w")
is a prefix of (1)(212)(21), while the first integration produces the cyclic solv-
able word cw” = ab*abab®, by means of which we see that w” is a prefix
of cw”-cw”. And finally, a new integration produces the cyclic solvable word
cw’ = (ab)%ab?(ab)*ab®(ab)3ab®(ab)?, by means of which we see that taking
w = bBw’, W' is a prefix of cw’-cw'.

bbbbbbbbabababbabababababbababababbabababababbabababababbab
pe  (ab)%ubb (ab)* abb (ab)® abb (ab)* abb (ab)* abbab
122 1t 2 13 2 14 2 1t 21

a b a p3  a b a b a
1 1 1
a b b
b b a b b a
b2 a bt a b a bt a bt a b
(ab)?abb (ab)* abb (ab)® abb (ab)* abb (ab)* abbab
bbbbbbbbabababbabababababbababababbabababababbabababababbab

Fig. 2. Procedure of checking solvability and deriving a circular word for suffix.

5 Characterization of Reversible Binary Words

We start by recalling the definitions of strict reverses and reversible words. A

(strict) reverse of a transition t € T inanet N = (P, T, F, Mp) is a new transition

t such that F(p,t) = F(t,p) and F(t,p) = F(p,t). Following [3], we now relate

the reversibility of all transitions with the solvability of the reversed sequence.
A binary word w =ty ...t, is reversible if the following flts is solvable:

TSy = ({0,...,n},{a, b}, {(i — 1,t;,1), (i,%;,i — 1) | 0 < i < n},0).
Fact 5. A solvable binary word w is reversible iff w™" is solvable.

We continue by showing that any cyclic solvable word is reversible, and so
any prefix of a cyclic solvable word is also reversible.

Proposition 9. A binary word w is cyclic solvable iff w™" is cyclic solvable.

Proof. By Fact 3, any cyclic solvable word w can be generated by a net Nyp,
with A = |w|q, B = |wl|. One can show that by reversing the arrows in Nyp,
and starting from the same initial marking, we generate exactly w"™", recovering
again the initial marking, and thus proving that w"" is cyclic solvable. O
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Corollary 3. Fach cyclic solvable binary word is reversible.
Proof. Follows immediately from Fact5 and Proposition 9. o

We can further illustrate the last result by showing that in every Nyp =
({pa,pv},{a,b}, F, My) € Nap one can introduce strict reverses without enlarg-
ing the set of reachable markings. We define N ap = ({pa,ps}, {a,@,b,b}, F, M),
where the non-zero values of F are F(p,,a) = F(a,py) = F(py,a) = F(a@,p,) =
A, and F(py,b) = F(b,ps) = F(pa,b) = F(b,py) = B. Similarly as in Nap, every
reachable marking M of N 4p satisfies the same property as the initial marking,
namely M (p,) + M(py) = A+ B — 1, and the net is reversible (i.e., from every
marking one can reach the initial marking). As a consequence, in each reachable
marking one can fire either a or b. Similarly, in each reachable marking, one can
fire either @ or b. Suppose we can fire @ at M. Then we cannot fire b, hence we
go from My to M, firing a as the last transition. The case of the initial marking
is treated similarly, thanks to the reversibility of Np.

The result above leads to a characterization of reversible words.

Proposition 10. A binary word w = a*baab™ is reversible iff both ws = baab™
and wp, = afbaa are prefizes of cyclic solvable words.

Proof. In order to be reversible, w must be solvable, and so w,; must be a prefix
of a cyclic solvable word. Moreover, w™" must also be solvable, so that w;®
must be a prefix of a cyclic solvable word. Then, by applying Proposition 9, w,
must be also a prefix of a cyclic solvable word. O

Corollary 4. One can decide in linear time whether a binary flts can be
reversed.

Proof. Given a word w = a*baab™, we can apply the algorithm in Theorem 9 to
both a*baa and baab™.

Note: The result could also be obtained directly, by applying the character-
ization from Proposition 10, and so applying the algorithm from Theorem9 to
both a*baa and b™aa™?b. ad

It seems that the above characterization gives us some space to find reversible
words that are not prefixes of cycle solvable words, but this can only happen in
very few simple cases.

Theorem 10. Apart from prefizes of cyclic solvable binary words, the only
reversible words are those of the form a*(ba)'b™ or b¥(ab)ia™, where i € {0,1}
ork=2=m.

Proof. First, it is clear that all the ‘exceptions’ in the statement are indeed
solvable and reversible. Moreover one can see that they must appear indeed as
exceptional cases, since they do not correspond to prefixes of cyclic solvable
words, out of a few trivial instances.

Now we concentrate on the words w = z"yuzt™ with z # y,z # t € {a, b},
such that w’ = yuz contains either aa or bb. We assume the latter. Using the
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results about the decomposition of solvable words, we know that all the blocks
ab®, and reversed blocks b%a in w’, must be either ab®~! or ab® (resp. b ‘a or
b%a), for some e > 2. Moreover, if z = a then n = 1, and when ¢t = a then
m = 1. While when x = b, the cases in which m < e will immediately generate a
prefix of a cyclic solvable word, since w, = x"w’ is such a word; and, similarly,
when t = b. Hence, we can concentrate in the following on the case m = e. Next
we distinguish the remaining cases, showing that they never produce reversible
words which are not prefixes of cyclic solvable words:

— If x = b, then aw, is a prefix of a cyclic solvable word, and then aw remains
solvable. Now, using our characterization of solvable words, w must be a
prefix of a cyclic solvable word. The case t = b can be dealt with in a similar
(symmetric) way.

— If x = a and t = a, we consider the contiguous blocks of b’s, b= and b'v.

o If i, = e (resp. i, = e), then the cyclic word containing ws = w’'y™ (resp.
wp) clearly contains one a before (resp. after) its occurrence, and so w
itself is contained in that cyclic word.

o Ifi, =e—1andi, = e—1and w is not a prefix of a cyclic solvable word,
then w contains two mutually unbalanced contiguous block-subwords that
totally cover w,, since otherwise they would also prove that either ws or
wy, would not be the prefix of some cyclic solvable word, contradicting our
assumption. But since the two blocks at the end of these block-subwords
will be the same (ab®~!), we could remove them getting two new unbal-
anced subwords that now do not cover w,, something that we have already
shown to be impossible.

As a result, if w is not a prefix of a cyclic solvable word, then w’' = yuz
contains neither aa nor bb. Hence it is of the form (ab)* or (ba)". O

6 Conclusions

In this paper, we discussed three classes of binary words from the viewpoint of the
solvability of the transition systems related to them. For each class, we described
a linear algorithm which verifying its membership. Based on our results, one can
show every cyclic solvable word is reversible, and every reversible word is solvable
(moreover, the two implications cannot be reversed).

A natural direction for further research is to consider larger alphabets, and
more sophisticated flts’s, for example, those having the shape of directed rooted
trees.
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