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Abstract: Let £ be the set of all finite words over a finite alphabet £. A word u is called a strict
prefix of a word v, if u is a prefix of v and there is no other way to show that u is a subword of v. A
language L C £ is said to be prefix-strict, if for any u,v € L, u is a subword of v always implies that
u is a strict prefix of v. Denote the class of all prefix-strict languages in &+ by P(ZT). This paper
characterizes P(£7) as a universe of a model of the free object for the ai-semiring variety satisfying
the additional identities x + yx ~ x and x + yxz ~ x. Furthermore, the analogous results for so-called
suffix-strict languages and infix-strict languages are introduced.
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1. Introduction

In algebraic theory of formal languages, there are two common methods to cluster
languages. One is constructing algebra structure for a given class of languages, the other
is collecting languages that satisfy a property with respect to a binary relation over the
free monoid X* (generated by a finite alphabet ). This paper aims at constructing an
algebra structure for a class of languages that is defined by a partial order. Furthermore,
we characterize the algebra structure as a model of a free object for a variety.

It is noted that algebraic and combinatorial properties of languages and words play a
role in both clustering methods mentioned above. This is the case for the regular languages
which can be defined by regular expressions. Let Reg(X*) denote the class of regular lan-
guages over X and let U, o and * denote the well-known regular operations, i.e., set union,
catenation and Kleene closure, respectively. It can be obtained from the combinatorial
properties of regular languages that Reg(X*) is closed under all these operations. Hence,
(Reg(X*), U, 0,* ) forms an algebra structure [1], which contains all the regular expressions
as its elements. This algebra has been widely applied in theoretical computer and informa-
tion science. Another example is the semiring of finite languages. Let (X 7) denote the
class of all finite languages over L. It easy to see that F(X7) is closed under the operations
Uand o, and so (F(X"),U, o) forms an algebra structure. However, language classes are
not always closed under regular operations.

On the other hand, a partial order seems a more convenient tool for defining a language.
Generally, for a given partial order < over X*, three types of language might be proposed.
A language L C X* is said to be convex with respect to <, if for any u,w € L withu < w,
the inequalities u < v and v < w always imply that v € L, where v € X*. Further, L is said
to be closed with respect to <, if u € L and v € u imply that v € L. Furthermore, L is said to
be free with respect to <, if it is an independent set with respect to <.

Many convex and free languages with respect to various binary relations were in-
troduced by G. Thierrin, M. Ito and their co-researchers, and further studied by T. Ang
and J. Brzozowski. They established the algebraic properties, combinatorial structures and
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decision algorithms of these three types of languages with respect to prefix relation, suffix
relation, outfix relation, infix relation, factor relation, subword relation and so on. We refer
the reader to [2-5] for details. In particular, a hypercode is a free language with respect to the
embedding order (also known as a subword relation) also studied by L. Haines in [6]. Here,
an embedding order, denoted by <4, is a partial order over 2* defined by: for any u,v € X*,
u <y vifandonlyif u = xqxp -+ - x, and v = yox1y1 - - - XuYu, Where n is a positive integer
and x;,y; € 2*,i=0,1,--- ,n. Alanguage L is a hypercode means that for any u,v € L,
(u,0) <.

Since the definition of embedding order explicates directly the combination charac-
terization of words involved in it, the combinatorial properties of hypercodes are almost
certain to relate to them. L. Haines proved that every hypercode was finite. H. Shyr and G.
Thierrin [3] proved that the class of all hypercodes over ¥, denoted by H (X "), was closed
under the regular operation o. Further, Z. Wang et al. defined in [7] a binary operation +y
in H(X7) by picking out the minimal elements (in the sense of <4) from the union A U B of
A,B € H(XT). It was shown that H (X ") was closed under +4 and hence (H ("), +%,©)
formed an algebra structure.

Moreover, to construct an algebra structure for a language class also makes some
sense in the effort to find a model of a free object for a variety. The well-known examples
are structures of free semigroups and free commutative (noncommutative) algebras. The
operation rules in these structures reflect the combinatorial properties among words and
commutative (noncommutative) polynomials, which represent, respectively, the combina-
torial properties of elements in a semigroup and commutative (noncommutative) algebra.
When it comes to an algebra structure of a class of languages, if its operation rules reflect
(or are defined by) the combinatorial characterizations of languages, then this structure has
a probability to be a model of a free object for a variety, just as a free semigroup does.

By an additively idempotent semiring (ai-semiring for short) we mean a semiring whose
additive reduct is a semilattice, i.e., a commutative idempotent semigroup. The variety of
all ai-semirings is denoted by AI. M. Kufil and L. Polak initiated the studies in the field
of constructing a model of a free object for an ai-semiring variety by an algebra structure
of a class of languages. In [8], they proved that the structure (F(X71),U, o) was freely
generated by X in the variety AI. We refer the reader to [9] for more detail on subvarieties
of semilattice ordered algebras.

In addition, the algebra (H(X71), +4, ©) was also characterized as a model of a free
object for an ai-semiring variety satisfying the additional identities x + xy ~ x and
x +yx = x (see [7] for details). Undoubtedly, these two identities (named absorption
laws) reflect some special combinatorial properties of hypercodes, which are derived from
the embedding order.

Further, more ai-semiring varieties with absorption laws as additional identities were
studied in [10]. The authors established combinatorial properties of three classes of lan-
guages containing hypercodes and constructed algebra structures for these classes, respec-
tively. All these three structures were proved to be models of free objects for ai-semiring
varieties satisfying x + xy ~ x, x + yx ~ x and xz + xyz ~ xz, respectively. For literature
on studying ai-semiring varieties by establishing combinatorial properties of words, we
refer the reader to [11-17].

Following the study in [10], this paper focuses on ai-semiring varieties with absorption
laws as additional identities. We define a class of so-called prefix-strict languages, denoted
by P(X7), and recall some notions in Section 2 as preliminary. In Section 3, we study a
subset of the embedding order, which might be proved a partial order, say <p. It is shown
that the class of free languages with respect to <p coincides with the class P(X"). Further,
we establish in Section 4 some combinatorial properties for languages in P(X"), which
are used to verify the operation properties of the algebra structure construct for P(Z1).
In Section 5, the class P(X1) is characterized as a universe of an ai-semiring, which is
freely generated by X in the variety with additional identities x + yx ~ x and x + yxz = x.
Moreover, some parallel concepts and results are introduced in this paper, simultaneously.
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2. Preliminaries

Let X be a nonempty finite alphabet and £* the set of all finite words. Denote the
empty word by € and let ©7 = £* \ {e}. Given two words u,v € £*, we say u is a prefix
(suffix) of v, if there exists x € £* such that v = ux (v = xu). Furthermore, u is an infix of v,
if v = xuy for some x,y € ¥*. Clearly, a prefix or a suffix is also an infix.

Let u,v € L. uis called a subword of v, if u < v. Further, if u <4 v and u # v, then
u is a proper subword of v. Furthermore, u is said to be a factor of v, if there exist x,y € L*
such that v = xuy. Thus, a prefix (suffix) or an infix of a word v must be its subword and
factor as well.

Suppose that u is a subword of v. The following example shows that u, as a string of
letters, may be embedded letter by letter into a word for obtaining v in different ways.

Example 1. Let u = ab and v = ababab be two words in {a,b}*. It is easy to see that ab is a
prefix (suffix) and an infix of v. Now, if we consider v = ababab as ay,by,, where y; = ba and
Yo = ab, then we get another case to show that u is a subword of v.

We concern ourselves with the case that being a prefix (infix) is the unique way to
show that u is a subword v. Formally, we have the following definition.

Definition 1. Let u,v € L. Forany x1,x3,--- ,x, € L and any yo,y1, -+ ,yn € L*, if
U = X1Xp - - - Xy, together with v = Yox1y1X2Y2 - - - XnYn, always implies that yoy1 - - - Yy—1 = €
(V1Y2 - Yn =& Y1 - Yn—1 = €, respectively), then u is called a strict prefix (strict suffix, strict
infix, respectively) of v. In particular, if u € ¥ and there is only one occurrence of u in the word v,
then u is also a strict infix of v.

By this definition, we know that the word u = ab in Example 1 is neither a strict prefix
(strict suffix) nor a strict infix of v. Furthermore, it is easy to see that a strict prefix (strict
suffix) must be a strict infix. The following two propositions give necessary and sufficient
conditions for a prefix and infix to be strict, respectively.

Proposition 1. Let u = xo and v = x0z be two words in £, where o € ¥ and x,z € ¥*. Then,
u is a strict prefix of v if and only if there is no occurrence of o in the word z.

Proof. From the assumptions # = xo and v = x0z, we know that u is a prefix of v.

Suppose that u is a strict prefix of v. Assume that ¢ is a factor of z. Then, z = acb for
some a,b € ¥*. Thus, the equality v = x0z = xcacb holds. If we write yoxy,0b as xcacb,
where yg = e and y; = 04, then ygy; # ¢, a contradiction. Therefore, ¢ is not a factor of z,
as required.

Conversely, suppose that there is no occurrence of ¢ in the word z. Note that u is a
subword of v, since u is a prefix of v. Given xq,x2,- -+ ,x, € Z* and yo, Y1, -+ ,yn € L*, if
both u = x0 = x1xp - - X, and v = x0z = YpX1Y1 - - - XuYn hold, then there exists xj, € &*
such that

U=x0=2x1X3  x,0and v = X0z = YoX1Y1 " * - X, OYn,

since ¢ is the right-most letter of u. This means that x = x1x; - - - xJ,. In the following, we
show that ¢ is not a factor of y,. In fact, if assume that if o is a factor of y;,, then there exists
Y, € X* such thaty, = y;,0z. Hence, we have that v = x0z = yox1y1 - - - x},0y,,0z. It follows
that x = yox1y1 - - - x,0)},. Therefore, x1x; - - - X}, = Yox1y1 - - - X,,0Y}, and so |x1xp - - - x},| =
[yox1y1 - - - X,0y,|. Since ¢ # ¢ we also have |xixp---x),| < |yoxiy1---x,0Y,],
a contradiction.

Now, we know that there is no occurrence of ¢ in the y,,. Then, we have thaty, =z
and so x1X3 - - - XJ, = X = YoX1Y - - - X}, This implies that yoy; - - - y,_1 = €. Therefore, u is a
strict prefix of v, as required. [

In an analogue fashion, we can verify the following proposition and we omit the proof.
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Proposition 2. Let u = 0xo and v = yOxoz be two words in &F, where 6,0 € ¥, x,y,z € X*.
Then, u is a strict infix of v if and only if there is no occurrence of 0 in y and there is no occurrence
of oinz.

Definition 2. A language L C . is said to be prefix-strict (suffix-strict, infix-strict, respectively)
if and only if for any u,v € L, u <4y v implies that u is a strict prefix (strict suffix, strict infix,
respectively) of v. The class of all prefix-strict, suffix-strict and infix-strict languages in £ are
denoted by P(X1), S(L1) and Z(X), respectively.

Letw = 090y - - -0y beaword witho; € £,i =1,2,--- ,n. Then, n is called the length
of w and is denoted by |w|. Suppose that L is prefix-strict and that u,v € L with |u| < |v].
Then, we know from Definition 2 that either u is a strict prefix of v or (u,v) ¢<4. Hence,
we have that a free language with respect to <4 must be a strict prefix. This means that
H(ZT) CP(XT). Similarly, we can get that H(X1) C S(E7) and H(ZT) C Z(ZT).

Example 2. Let X~ = {a,b,c}. Suppose that A = {a,ab}, B = {b,ac}. Then, C = {ac,abc}. It
is easy to see that A is prefix-strict and infix-strict but is not suffix-strict. B is prefix-strict (suffix-
strict) and infix-strict, since B € H(X™T). C is neither prefix-strict (suffix-stric) nor infix-strict,
since ab is neither a strict prefix (strict suffix) nor a strict infix of abc, even if it is a subword.

Now, recall the three subsets of the embedding order introduced in [10]. For any u,v €
Y+, u <g (u <) if and only if there exist some x1,x2,- - ,x, € LT and y1,y2, -+, yn € T*
such that u = x1xp - - - x4 and v = Y1X1Y2X2 - - YuXyn (U = X1Y1X2Y2 - - - XuYy). In addition,
u < v if and only if there exist some xq, x1, X2, -+ , X5 € Yt andyy,y2, - ,yn € X* such
that u = xgx1 - - - xy and v = xpy1X1Y2 - - Xp—1YnXn.

All these binary relations prove to be partial orders over ¥*. They show different
manners to embed some string of words y1,y2, - - - ,y, into the word u for obtaining v.
Denote the class of all free languages with respect to <, < and <p by L(Z1), R(£")
and O(X1), respectively. It is true that H(X1) C X(X), forall X € {£, R, O}.

In the following, we recall the formal definitions of notions mentioned in the introduc-
tion section.

By a semiring, we mean an algebra (S, +, -) such that:

e The additive reduct (S, +) is a commutative semigroup;
e The multiplicative reduct (S, -) is a semigroup;
e (S, +,-) satisfies the identities x(y + z) ~ xy + xz and (y + z)x ~ yx + zx.

A semiring (S, +, -) is called an ai-semiring, if it satisfies the identity x +x ~ x. An
algebra (S, +, -) is called a (2, 2)-type algebra if there are two binary operations involved
in this algebra. In this manner, the additive reduct (S, +) of (S, +, -) is a (2)-type algebra.
For the formal definition of a type of an algebra and more examples, we refer the reader to
Definition 1.2 in [18].

By a variety, we mean a class of algebras of the same type that is closed under subalge-
bras, homomorphic images and direct products. It is well known (Birkhoff’s theorem) that
a class of algebras of the same type is a variety if and only if it is an equational class, i.e., a
class of algebras that satisfies all the members in a given set of identities.

An ai-semiring identity over X is an expression of the form u ~ v, where u,v € F(X1).
For the free object (F(X1),U, o) in Al, we write + as U and write

urtuy+---Fuy=o1+o+---+7

as the ai-semiring identity {u;|1 < k} ~ {v;|]1 < I}, for convenience. We give an example
in the following to show that a variety is an equational class.
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Example 3. Given a set of identities

E={(x+y)+x=x+(y+z),x+y~y+x (xw)z~x(yz),x(y+z) ~ xy+xz
(y+z)x =yx+zx,x +x =~ x}.

Since all ai-semirings satisfy the identities in E, the variety Al is an equational class.

Furthermore, we denote an ai-semiring variety satisfying the additional identities
u; ~ v;, by [ug = v,up & vy,--- , Uy X vy|, wherei = 1,2,--- ,n and n is a positive
integer. Then, [u; ~ vy,uUp = vy, , Uy R Uy is an equational class defined by the set
EU{uy ~v1,up = vp,- -+, uy = v, }, where E is the set of identities given by Example 2.

Let V be an algebra variety of type F and let U(X) be an algebra of type F which is
generated by X. If for every K € V and for every map

n:x —K,
there is a unique homomorphism
B:UX) =K,

which extends « (ie., a(X) = B(X) for o € %), then U(X) is said to be a free object in V
generated by X (or U(X) is freely generated by X in V). For more details on free algebra,
we refer the reader to [18].

In this paper, we take the following steps to show an algebra structure to be a model
of a free object for an ai-semiring variety. Firstly, we verify that this algebra structure is a
member of the given variety. Secondly, we prove that it is a free object in the variety.

In the sequel, #, v and w are words in £, unless otherwise specified.

3. Partial Orders

In this section, we shall characterize the class P(X") as a independent set of a certain
partial order, namely, to show that languages in P(X) are free with respect to a partial
order. Similar results for S(£) and Z(X") are obtained. Furthermore, we study the
inclusion relations among those classes of languages we mentioned in the last section.

Definition 3. Let <p be a binary relation over L. For any u,v € L, u <p v if and only
if there exist x1,xp,-+ ,xn € L and yo,y1,--+ ,Yyn € T* such that u = x1x3 - X, and
U = YoX1Y1X2 - - * Yn—1XnYn and such that the implication yoy; - - - Yy—1 = € = Yu = € holds as
well.

It is easy to see that <pC <4,. The following example shows that the implication in
the definition of <, may not always hold for every finite sequence yo, y1, - - - , Y to state
u <y v,evenifu <p v.

Example 4. Let ¥ = {xq,x,y}. Suppose that u = x1xp, v = x1yxp and w = x1x2y. By the
definition of <p, we have that u <p v but u £p w. Further, assume that w' = x1xpx,. Then,
u <p w, since we can set w' = yox1y1x2y2, where yy = y» = € and y; = xp. From this, we
deduce that the implication holds. However, if we write yox1y1x2y7 as w', where yo = y, = € and
Y2 = Xp, then the implication yoy; = € = Yo = € is not true.

Similar to the definition of <p, we have:

Definition 4. Let <g be a binary relation over £. For any u,v € L, u <g v if and only
if there exist x1,xp,-++ ,xn € L and yo,y1,-+ ,yn € L* such that u = x1xp- -+ x, and
U = YoX1Y1X2 -+ - Yu—1XnYn and such that the implication y1y2 - - - yn = € = Yo = € holds as
well.
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Let u be a proper subword of v. In the following, we present a necessary and sufficient
condition for u <p v to hold.

Assume that u <p v and u # v. Then, there must exist x1,xp,--,x, € ¥ and
Yo, Y1, ,Yn € L such that u = x1xp---x, and v = Yox1Y1X2 - - - Y—1XnYn and scuh
that yoy1 - -+ ,yn—1 # e Infact, if yoy1--- ,yy—1 = & we know from the implication in
Definition 1 that y, = e. This yields u = v, a contradiction.

Conversely, assume that u = x1xp---x, and v = YoX1Y1X2 - - - Yp—1XnY, for some
x1,%2, Xy € T and yo,y1,- -+ ,Yn € ¥, where yoy1 -+ ,y,_1 # ¢ In this case, the
implication in Definition 1 holds. We thus have that u is a proper subword of v, since
Yoy1-- /Yn—-1 7& €.

Summarizing the above discussion with a similar condition for u <gs v to hold, we
give the following remark to interpret the relations <p and <g in detail.

Remark 1. Let u be a proper subword of v. Then, u <p v (u <gs v) if and only if
U= XX Xp and v = YoX1Y1X2 - + - XnlYn for some x1,xa, -+ ,xy € LT and yo,y1 -+ ,yn €
I, where yoy1 -, Yn—1 # € Vay2- -+, Yn 7# €.

Let u be a proper subword of v. Suppose now that u is a strict prefix of v. Then, for any
X1,X%2, Xy € T and yo,y1---,yn € X*, u = x1xp---X, together with
U = YoX1Y1X2 + - + XnlYn implies that yoyy - - - ,yy—1 = €. This means that (u,v) €<p.

For any two words u and v, the following proposition gives the necessary and sufficient
condition for u <p v to hold, which may be used handily.

Proposition 3. Let u = xo and v = yoz be two words in ¥, where o € ¥, x,y,z € L* and there
is no occurrence of o in the word z. Then, u <p v if and only if either x is a proper subword of y or
u=u.

Proof. Suppose that u <p v and so xo <y yoz. Since there is no occurrence of ¢ in the
word z, we get that x <y y. If x is not a proper subword of y, then x = y. This deduce
that v = x0z and that xo <y xoz. By Proposition 1, we get that xc is a strict prefix of xoz.
Thus, we know from the discussion in Remark 1 that xc = xoz and hence u = v.

Conversely, is it a trivial that u = v implies u <p v. Suppose now that x is a proper
subword of y. Then, there exist some x1,xp,- -+, X, € " and yo,y1 - -, y¥» € E* such that
U= XXy xXy0 and v = Yox1Y1X2 - - - X4Yn0Zz, where yoyy - - -y # €. By Remark 1, u <p v,
as required. [

In the following, we shall prove that <p and <g are partial orders. By Definition 4,
<p and < are reflexive. Furthermore, it is a routine matter to verify that they are antisym-
metric. Then, we have proved part of the following theorem.

Theorem 1. Both <p and <g are partial orders.

Proof. We only need to prove that <p and <g are transitive.

Assume that u <p vand v <p w. If u = v or v = w, it is easy to see that u <p w.
Otherwise, u is a proper subword of v and v is a proper subword of w. Thus, u is a proper
subword of w. Suppose now that u = xo and v = yoz, whereo € %, x,y,z € L* and
there is no occurrence of ¢ in the word z. By Proposition 3, x is a proper subword of y.
Furthermore, there must exist b, ¢ € ¥* such that w = boc (since ¢ is a factor of v an so
a factor of w), where there is no occurrence of ¢ in ¢. Associate this fact with the truth
yoz <4 boc, we can verify y <4 b as a matter of routine. Hence, we get that x is a proper
subword of b. Therefore, we know from Proposition 3 that # <p w and so <p is transitive,
as required.

A similar result is also true for <5 and we omit the proof. [
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Definition 5. Let <7 be a binary relation over ¥*. For any u,v € X%, u <7 v if and only
if there exist x1,xp,- -+ ,xy € L7 and yo,y1,+-+ ,Yyn € E* such that u = x1x3 - X, and
U = YoX1Y1X2 * * * Yn—1XnYn and that the implication y1y, - - - y,—1 = € = YoYn = € holds as well.
In particular, if [u| = 1, then u <z v ifonly ifu = v.

The following example shows that the implication in Definition 5 may not always
hold for every finite sequence yo,y1, - - ,y» to state u <y v, evenif u <7 v.

Example 5. Let . = {x1,x2,a,b,c}. Suppose that u = x1xp, v = ax1bxyc and w = axyx,b.
By the definition of <7, we have that u <7 v but u £7 w. Further, assume that w' = x1x1x2x>.
Then, u <7 w’', since we can set w' = yox1y1 X2y, where yo = €, y1 = x1 and y, = x,. Thus, we
deduce that the implication holds. However, if we write yox1y1x2y2 as w', where yg = x1, y1 = €
and yy = Xy, then the implication y1 = € = yoya = € is not true.

Similar to Remark 1, the following remark give a further specification for Definition 5.

Remark 2. Let u (with |u| > 2) be a proper subword of v. Then, u <z v if and only if u =
X1X2 -+ X and v = YoX1Y1X2 - - - XulYn fOr some xq,Xp,- - , Xy € LT and yo,y1 -+ ,yn € T,
where Y1y - - - Yp—1 # €.

Let u be a proper subword of v. Suppose now that u is a strict infix of v. Then, for any
x1,%2, 0, Xy € XV oand yo,y1---,yn € L*, u = xyxp---x, together with
U = YoX1Y1X2 - - - XnlYn implies that y1yo - - - ,y,—1 = €. This means that (u,v) ¢<,.

From Remarks 1 and 2, we have <7C<p and <7C<g.
We give a necessary and sufficient condition for u <7 v to hold. Since the proof
process is similar to Proposition 3, we omit the proof.

Proposition 4. Let u = 0ac and v = x8yoz, where 0,0 € X, a,x,y,z € L* and there is no
occurrence of 0 and o in the words x and z, respectively. Then, u <z v if and only if either a is a
proper subword of y or u = v.

Using this proposition, we can prove the following theorem.
Theorem 2. <7 is a partial order.

Proof. It is a routine matter to verify that <7 is reflexive and antisymmetric. Now, we
show that it is also transitive.

Assume that u <7 vand v <7 w. If u = v or v = w, it is easy to see that u <7 w.
Otherwise, u is a proper subword of v and v is a proper subword of w. Thus, u is a proper
subword of w.

Suppose now that u = fac and v = x6yoz, where 6,0 € X, 4, x,y,z € £* and there are
no occurrences of § and ¢ in the words x and z, respectively. By Proposition 4, a is a proper
subword of y. Furthermore, there must exist b,c,d € * such that w = bfcod (since both 6
and o are factors of v and so are factors of w), where there are no occurrences of 6 and ¢
in the words b and d, respectively. Associate this fact with the truth x0yoz <y, bfcod, we
deduce that y <4 c. Hence, we get that a is a proper subword of c. Therefore, we know
from Proposition 4 that u <p w and so <7 is transitive. Then, we obtain that <7 is a partial
order, as required. [

Recall that the classes P(X1), S(X1) and Z(X") are collections of all prefix-strict,
suffix-strict and infix-strict languages in £, respectively. In the following, we show that
forany X € {P,S,Z}, X (") is exactly the collection of all free languages with respect to
the partial order <.
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Proposition 5. P(X1) and S(X7) are the classes of all free languages with respect to <p and
<g, respectively.

Proof. Let L C X7 be a prefix-strict language and u, v be distinct words in L. On one hand,
if u and v are incomparable under the relation <y, they are also incomparable under <p.
On the other hand, we suppose that u is a proper subword of v. Then, u is a strict prefix of
v. By Remark 1, (1,v) ¢<p and hence L is a free language with respect to <p.

Conversely, let L be a free language with respect to <p and u,v € L. Suppose that
u <y v. Forany xq,xp,--- ,x, € E7 and yo,y1, - ,yn € E*, if u = x1xp---x, and
U = YoX1Y1X2Y2 - - - XnYy, then it is true that yoy; - - - y,—1 = € (in fact, if yoy1 - - - y—1 # &,
we get that u <p v, contradict to the assumption) and it follows that u is a strict prefix of v.
Therefore, L is prefix-strict.

We can prove that S(£1) is the class of all free languages with respect to <g in a
similar way. Therefore, the proof is omitted. [J

Proposition 6. Z(X1) is the class of all free languages with respect to <z,

Proof. Let L C X% be an infix-strict language and u, v be distinct words in L. If (u,v) €<y,
then (u,v) €<7. Otherwise, assume that u is a proper subword of v. Then, u is a strict infix
of v. By Remark 2, (1,v) ¢<7. Therefore, L is a free language with respect to <7.

Conversely, let L be a free language with respect to <7 and u, v be two distinct words
in L. For any x1,x2,---,x, € £7 and any yo,y1, - ,yn € E*, if u = x1xp---x, and
U = YoX1Y1X2Y2 - - - XnYn, then it is true that y1y5 - - - y,,_1 = € and it follows that u is a strict
infix of v. Therefore, L is infix-strict. [

Recall that a binary relation p on £7 is said to be strict ([4]) if forall u,v € &+,

1) upw;
) upv = Ju| < |of;
(3) wupvy,|u| =|v|=u=no.

It is can be easily verified that forany X € {£,R,O,H,P,S,Z}, <y is strict. Based
on the following lemma, we can figure out the inclusion relation about all these strict
relations.

Lemma 1 ([4]). Let p1, 05 be two strict binary relations on £* and I, and I,, be the classes of all
independent sets with respect to p1 and p, respectively. Then, py C p2 if and only if 1,, 2 I,.

Since <7C<yC<y forany X € {P,S}, we know form Lemma 1 that
H(ET) C X(EF) S Z(z).
Furthermore, it is routine to verify that <gr C<p, <,C<g and <pC<7. We then have that
PET)CR(ET), S(EF) C L(ET)and Z(ZT) C O(ZF).
Inaddition, it is shown in [10] that
H(ZT) CY(ET) COE),

where Y € {£, R}. We illustrate all above inclusion relations by Figure 1.
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L(E7) R(ZT)

S(=7) P(Z")

H(ZT)

Figure 1. Inclusion relations among subsets of O(X71).

Since it was proved in [10] that every language in O(X7") is finite, we get that any
language in P(£7) US(XT) U B(X™) is also finite.

4. Combinatorial Properties

In this section, we study the combinatorial properties of languages we defined in the
last section. Let A, B be languages of >*. We write A o B to mean

{ab|a € A,b € B}.

Shyr and Thierrin [3] proved that the class of H (X") was closed under the operation o and
Ito et al. [2] showed a similar result for the class of outfix-free languages. However, for two
prefix-strict (suffix-strict, infix-strict, respectively) languages A and B, A o B does not need
to be prefix-strict (suffix-strict, infix-strict, respectively), as the following example shows.

Example 6. Let >~ = {a,b,c}. Suppose that A = {a,ab}, B = {c}. Then, Ao B = {ac,abc}. It
is easy to see that A and B are prefix-strict, but A o B is not prefix-strict, since ac <p abc.

Next, we give a necessary and sufficient condition for X' (X) to be closed under the
operation o, where X € {P,S,T}.

Proposition 7. Let A,B € P(X"). Then, Ao B € P(X7) ifand only if A € H(Z™T).

Proof. Let A,B € P(X"). Then, for any a,a’ € A with |a| < |a’|, we have that either
(a,a") ¢<4; or ais a strict prefix of a’.

Assume that Ao B € P(X"). Then, it is a truth that 4 is not a strict prefix of a’. In
fact, if a’ = ac for some ¢ € 7, then for any b € B, we have that ab,acb € A o B. Since
ab <p acb, we get Ao B ¢ P(¥X1), a contradiction. This shows that (a,4’) <4 and hence
AcH(ZET).

Conversely, assume that A € H(Z1) and B € P(X"). Given u,v € A o B. Suppose
that u is a subword of v. Then, u = x1x2 - - - x4 and v = YoX1Y1X2Y2 - - - Y_1XnYn for some
X1,%2, Xy, € T and yo,¥1,Y2, - - ,¥n € L*. Now, we prove that u is a strict prefix of v.

Let i and j be two integers such that xx - - - x; € A, x11Xj40--- x4 € Band

YoX1y1 -+ Yj-1Xj € A, YjXj41- - XnlYn € B

(oryox1y1 - yj-1%jyj € A, Xj+1¥j41 - XnYn € B).
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It istrue that i < j. In fact, if i > j, then we have from the fact Xj+1 = ¢ that
Xit1Xi42  Xn Sp YjXjp1 o YiXip1 o XnYn OF

Xit1Xi42 * Xn <P Xjp1 - YiXig1 o Xnln.

Bothof these two cases contradict to B € P(X7"). Furthermore, we have j < i. In fact, if
j > i, then we have that

X1X2 - Xp Sy YoX1Y - XiYig1 o Yj-1Xj

OF XX« + Xj S YoX1Y1 "+ Xilit1 " Yj-1XjYj,s

which contradicts A € H(Z7"). Hence, we have i = j. It follows that yoy; - - - ;1 = € (or
Yoy1 ---y; =€) and that y;yi4q - -yy—1 = € (Or Yiy1 - - - Yn—1 = ¢). This implies that u is a
strict prefix of v. Therefore, Ao B € P(X£1). O

By a similar method, one can verify the following proposition.
Proposition 8. Let A,B € S(£T). Then, Ao B € S(X7) ifand only if B € H(ZT).

Proposition 9. Let A,B € Z(X"). Then, AoB € Z(X") ifand only if A € S(X7) and
Be P(X™).

Proof. Let A,B € Z(X"). Suppose that Ao B € Z(X"). If we assume that there exist
u,v € Asuch that u <g v, then there exist x1, x5, -- ,x, € " and Yo, Y1, ,Yn € ¥ such
that u = x1x2 - - - xy and v = yox1y1x2 - - - XpYn With y1y2 - - -y # €. It follows that

xX1X2 - Xpb <7 YoX1y1X2 + - Yn—1XnYnb

for any b € B, which is a contradiction with Ao B € Z(X1). Hence, we deduce that
A € §(X7). In a similar way, we can prove that A € P(XT).

Conversely, assume that A € S(£) and B € P(£"). Given u,v € A o B. Suppose
that u is a subword of v. Then, u = x1x; - - - x4, and v = YoX1Y1X2Y2 - - - Yy—1XnYn for some
x1,%2,+ 0+, Xy € LT and yo, y1, Y2, -+, yn € *. Now, we prove that u is a strict infix of v.

Let i and j be two integers such that xqxp - - - x; € A, xj11Xj42--- X4 € Band

Yox1y1 - Yj-1Xj € A, YjXjy1- - XnYn € B

( OT YoX1Y1 * - * Yj—1X;Y; €A, Xjp1Yj+1 " XnlYn S B)

It istrue that i < j. In fact, if i > j, then we have from the fact x;,1 # ¢ that
Xit1Xi42 ** Xn Sp YjXj41 - YiXip1 - XnYn OF

Xip1Xi42 *  Xn <P Xjy1 - YiXig1 - XnYn.

Bothof these two cases contradict B € P(X7). Furthermore, we have j < i. In fact, if j > i,
then we have that

X1X -+ Xi <8 YoX1Y1 - Xilit1 - Yj-1%;
Or X1X2 -+ Xj <§ YoX1Y1 - - XiVit1 - - Yj—1XjYj,

which contradicts to A € S(X*). Hence, we have i = j. If follows that xx; - - - x; and
YoX1y1 - - - Yi—1Xi (Or Yox1yq - - - yi—1X;y;) are elements in A. This implies that yoy; - - - y;_1 =
e (or yoyy - - - y; = ¢€). Furthermore, from the fact that x; X2 - - - X and y;x; 1 1Yiv1 - XnYn
(or Xj{1Yit1 - - - XnYn) are elements in B, we have that y;y; 11+ yp—1 =€ (Or Yjy1 - Yp_1 =
¢). Hence, u is a strict infix of v. Therefore, Ao B € Z(L1). O
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Let A€ F(XT). Forany X € {P,S,Z}. We denote the set
{acA|(VWoeA)b<ya=b=a}

by AY, which is a free language with respect to <y. Thus, A* € X' (ZT). It is easy to see
that A € X(ZF) if and only if AY = A. Then, we have (AY)* = AY. Further, we have:

Lemma 2. Both (AT)Y = AY and (AX)" = A™M hold for any A € F(t) and X €
{P,S,I,H}.

Proof. We only prove the equality (AZ)” = A”. The other one can be proved in analogous
fashion.

Suppose that a € A”. Then, a is a minimal element in A with respect to <p. Since
AP C AL C A, ais also a minimal element in AL with respect to <p. That is to say,
a € (AP andso AP C (AT)P.

On the other hand, suppose that a € (A%)”. We now show that a is a minimal element
in A withrespectto <p. Letb <p aforsomeb € A.Ifb € AZ then b = g4, since a a minimal
element in AZ with respect to <p; otherwise, b € A\ AT Then, there exists ¢ € AL such
that ¢ <7 band so ¢ <p b, since <7 C<p. We thus have ¢ <p b <p a. This implies that
¢ = aand so b = a. Therefore, 2 € AT and hence (AI )P C AP, as required. [

We conclude this section with the following results.

Proposition 10. Let A,B € F(X). Then
(1) (AoB)L = ASoBP;
2) (AoB)P = A" o BP;
(3) (AoB)® = A%oB™M,

Proof. (1) Since AS € S(£*) and BP € P(Z"), we know from Proposition 9 that A° o
BP ¢ Z(X*). It follows that (A° o BP)Z = AS o BP. Notice that A C A and B” C B.
Then, A o BP C A o B. We thus have (AS o BP)T C (Ao B)L andso AS o B C (Ao B)?

On the other hand, leta € A\ AS. Then, ' <g a for some a’ € AS. Thus, a’b <7 ab
for any b € B. It follows that ab € (A o B) \ (A o B)Z. This shows that

abe (AoB)\ (ASoB) =abe (AoB)\ (AoB)L.

Hence,we have that (A o B)I C AS o B. Further, if b € B \ B? then b’ <p b for some
b € BP. We thus have ab’ <7 ab for any a € AS and so ab & (A o B)L. This shows that

ab € (ASoB)\(ASoBP):>ab€ (ASOB)\(AOB)I,

which means that (A o B)Z C AS o BP. Then, we obtain that (A o B) = AS 0 B?, as
required.

In an analogous fashion, we can prove (2) and (3) by using Propositions 7 and 8,
respectively. So we omit the proof. [

5. Algebraic Characterizations

In this section, for any X’ € {S, P, Z}, we construct an algebra structure for the class
X (X1), by defining two binary operations. The operation properties of these algebra
structures are dominated by the combinatorial properties of languages discussed in the
last section. Further, we prove that these algebra structures are ai-semirings by showing
each of them is isomorphic to a quotient algebra of F (X 1) over an ai-semiring congruence.
Furthermore, we show that the algebra X' (X 1) is free generated by X in a subvariety of AL
This gives an algebraic characterization for the class X (X).
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Let X € {S,P,Z}. Define two operations on X (X7) as follows:
(VA,Be X(£*)) A+xB=(AUB)Y, AxyB=(AoB)?".

In this section, we show that (X (X1), + v, X y) is free generated by ¥ in some ai-semiring
variety.

5.1. Congruences
For every X € {S,P,Z}, we define a binary relation ~y on F(X") by

A~y B&s AY = BY,
Lemma 3. Forany A,B € F(X1) and any X € {S, P, 1}, we have that

(AYUB)* = (AUB)Y = (AUBY)Y,
(AY¥ o B)Y = (Ao B)¥ = (Ao BY)*Y,

Proof. For any A, B € F(X"), in order to pick out all the minimal elements with respect
to <y from A U B, we firstly pick out the minimal elements from A and B, respectively.
Thus, it is true that (A U B)Y C AY U B*. Next, we pick out the minimal elements from
AY UB?Y, then we get all the minimal elements in A U B. Hence, (AU B)Y = (A* UBY)?*.
Therefore, we have that

(AY UB)Y = ((AX)¥ UBY)Y = (AY UBY)X,
(AUBXY)X = (AX U (BY)X)X = (AX UBX)X,

These show that (AY UB)* = (AUB)Y = (AUBY)?.
To prove the remaining equalities, there are three cases to consider:

(1) & =Z. By Proposition 10(1) and Lemma 2, we have that

(AT oB)T = (A1) 0 BP = AS o BP = (Ao B)?,
(AoBT)I = ASo (BL)P = ASoBP = (Ao B)<L.

(2) & =P. By Proposition 10(2) and Lemma 2, we have that

(AP o B)P = (AP)" o BP = A" 0B = (Ao B)?,
(AoBP)P = A o (BP)P = A o BP = (Ao B)P.

(3) X = S. By Proposition 10(3) and Lemma 2, we have that

(A° 0 B)® = (A°)° o B" = Ao B = (A0 B)S,
(AoBS)S = ASo (BS)" = ASo B = (Ao B)S.

Therefore, (A* o B)* = (AoB)Y = (AoBY)? for every X € {S,P,I},
as required. [

Proposition 11. Forany X € {S, P, L}, ~ x isa congruence on the free ai-semirng (F (£1),U, o).
Proof. Let A,B,C € F(X¥)and A ~y B. Then, A* = B* and consequently by Lemma 3,

(AUC)Y = (AYUC)* = (BYuC)Y = (BUQ)?,
(AoC)*¥ = (AYoC)¥ = (BY o C)* = (Bo C)4.

Thus, AUC ~y BUCand Ao C ~y BoC. From this and its dual it follows that ~y is a
congruence on the ai-semiring F(£). O
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Let X € {S,P,Z}. We know from Proposition 11 that the quotient algebra F (£7)/ ~y
is an ai-semiring. Furthermore, it is easy to see that 7 (X1)/ ~ y is isomorphic to the alge-
bra X (X7) and hence Z(X71), S(X1) and P(X") are ai-semirings.

5.2. Models for Free Objects in Three Subuvarieties of Al

In the sequel, we denote the following ai-semiring varieties

[¥z + XYz & Xz, XZ + XYZW ~ XZ,XZ + WXYZ R XZ, XZ + W XYZW)y ~ Xz),
[x +yx = x,x + yxz ~ x|, and
[x + xy = x,x + yxz ~ x]
by Alz, Alp and Alg, respectively. We show that X'(£7) is a member of Aly, for all
X € {S,P,I}, by verifying the algebra X' (L") satisfies the corresponding identities.

It is a routine matter to verify that for any Ay, Ay, By, Bo, B3 € Z(X1), the following
equalities are true.

Ay X7 Ay +7 A1 X1 By X7 Ay = A1 X1 Ag;

Ay X7 Ag+7 A1 X7 By X7 A X7 By = Ay X7 Ag;

Ay X7 Ag+1 By X7 A1 X7 Ba X7 Ay = Ay X1 Ag;

Ay X1 Ap+1 By X7 A1 X7 By X1 Ay X7 B3 = A1 X7 Ap.

This means that the ai-semiring Z(2") € Alz. Furthermore, it can be verified that for any
A,B,Ce P(X"),

A+7>BX7JA:A;
A4+pBxpAxpC=A,

and forany A,B,C € S(XT),

A+SAXPB:A;
A+sBxsgAxgC=A.

Then, P(X") and S(£") belong to the subvarieties Alp and Alg, respectively.
It easy to see that Alp and Alg are subvarieties of [x + yx ~ x] and [x + xy ~ x],
respectively. By Lemma 16 in [10], we immediately have the following lemma.

Lemma 4. For any integer n > 1, Alp and Alg satisfy

X1X2 -+ Xy + Y1X1Y2X2 - - - YnXy R X1Xp - - - Xy AN

X1X2*+ Xp + XqY1X2Y2 - XnlYn R X1X2 00 X,
respectively.
Further, if we premultiply (postmultiply) both sides by x (z) to the identity z + yz ~ z
(x + xy =~ x) and apply the distribution law, we know that both AIp and Al satisfy the
identity xz + xyz ~ xz. Hence, by Lemma 15 in [10], we have:
Lemma 5. Forany X € {P,S,Z} and any integer n > 2, Al y satisfies the identity

X1X2 X+ X1Y1X2 *  Yp—1Xn R X1X2 00 - Xy

The following two lemmas show more identities hold in Alp, Al and Al7.
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Lemma 6. For any integer n > 1, Alp and Alg satisfy the identity
X1X2* Xp H YoX1Y1* XnlYn N X1X2 0 X

Proof. Itis clear that both Alp and Al satisfy the identity x1 4+ yox1y1 ~ x1. From Lemma
4, we know that these two subvarieties satisfy

X1X2 X FX1Y1X2 - - Yp—1Xn R X1X2* - Xp

for any n > 2. If we premultiply both sides by yy and postmultiply both sides by v, and
apply the distribution law as well, we obtain

YoX1X2 * ** XulYn +YoX1Y1X2 * * * Yn—1XnYn = Y0X1X2 * * * XnYn-
Now, adding x1x7 - - - x, to the both side of this identity, we have that
X1X2 -+ Xp +YoX1X2 - - - XnYn + YoX1Y1X2 - - - Yn—1XnYn = X1X2 * - Xy + Y0oX1X2 - * - XnlYn-

Notice that x1x3 - - - Xy + YoX1X2 - - - XnlYn = X1X2 - - - Xy, since Alp and Alg satisfy the iden-
tity x + yxz ~ x. We hence have that

X1X2+ - X+ YoX1Y1 " * - Xnln R X1X2 - Xp,
as required. [

Lemma 7. For any integer n > 2, Al 7 satisfies the following identities.

X1X2 ++ X + YoX1Y1X2 - Yn—1Xn = X1X2 " - * Xp, 1)
X1X2 Xy X1Y1X2Y2 -+ XY A X1X2 -+ X, (2)
X1X2 -+ - X+ YoX1Y1X2Y2 - - XnlYn R X1X2 - - Xp. 3)

Proof. Firstly, we prove identity (1) is true for any n > 2. Since Al7 satisfies the identity
xz + wxyz = xz, the identity (1) is true when n = 2. Assume that Al satisfies

X1X2 - Xk + YoX1Y1X2 + * - Y1 X = X1X2 -+ - X,

where k > 2 is an integer. We postmultiply both sides by yxxy 1 and apply the distribution
law. A routine calculation gives

X122+ XkYkXp1 + YoX1Y2X2 - Y1 XkYkXk+1 B X1X2 - XY g X1
If we add x1x3 - - - XXy 1 to both sides of above equality, we get

X1X2 ++ XpXgp1 + X1X2 0+ XkYrXe 1 T YoX1Y1X2 « * - Y1 Xk Yk Xk+1
RX1XD -+ XXt + X1X2 - - “ XYk Xk41-

Since Al7 satisfies xz + xyz ~ xz, we obtain

X1X2 o XX T YoX1Y1X2 Y1 XkYkXk+1 = X1X2 - XpXgy1-

This means that AI7 satisfies (1) when n = k 4 1, and hence it satisfies (1) for all integer
n > 2, as required.

In an analogous fashion, we can prove that Alz satisfies (2) for all n > 2, so we omit
the details.
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Lastly, we prove that identity (3) is true for any n > 2. Since Al satisfies the identity
xz + wixyzwy = xz, (3) is true when n = 2. Assume that Al7 satisfies

X1Xp -+ Xk F YoX1Y1X2 - Y1 Xk R X1X2 - - - X,

where k > 2 is an integer. We postmultiply both sides by vyixy;1yx4+1 and apply the
distribution law. Then, we get

X1X2 XYk X 1Yk 1 T YoX1Y2X2 "+ Yk 1 XYk Xk 1Ykl N X1X2 0 XYk Xk 1Y k1
If we add x1x3 - - - x¢xy1 to both sides of above equality, we get

X1X2 + ¢ XpXpy1 + X1X2 -+ - XYk X1 Yk+1 T YoX1Y1X2 - - - YiXkr1Yk+1
RX1XD * X X1 + X1X2 - XYk Xk 1Y k41

Since Al satisfies xz + xyzw ~ xz, we obtain

X1X2 -+ XX F YoX1Y1X2 - YrXk1Yk+1 = X1X2 * -+ XX 1

This means that Al7 satisfies (3) when n = k + 1, and hence it satisfies (3) for all integer
n > 2, as required. O

For a nonempty finite set £ and ¢ € ¥, we have {c} € X(X"). Then the mapping
ty : X — X(£1), 0 — {c} is one-to-one. We set out to prove that the algebra X' (X 1) is
freely generated by ¥ in Al y forevery X € {P,S,Z}.

Let K € Aly and ¢y : £ — K a mapping. Suppose that 0y : Z* — K is the
multiplicative homomorphism which extends ¢ . From Lemmas 3-6, we immediately
have the following lemma.

Lemma 8. Forany A € F(X")andany X € {P,S,1},

Y Ox(w) = ) Ox(w).

wEA weAX

Now we can formulate and prove the main result of this paper.

Theorem 3. Let ¥ be a nonempty set. Then, for any X € {P,S, T}, the algebra X (£7) is freely
generated by X in Al y.

Proof. Let (K, +,-) € ALy and ¢y : £ — S a mapping. Suppose that 0y : ©+ — K is the
multiplicative homomorphism which extends 1 y. Define the mapping

px: X(ET) =K A ) by (w).
weA

For every o € ¥, we then have

px(x(0)) = 9({0}) = Ox(0) = Y (0).

Therefore,
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(>4
M

X(ZT)

Yx Px

K

is a commutative diagram. We need to prove that ¢y is an ai-semigring homomorphism.
Let A,B € X(X1). Then, by Lemma 8,

px(A)+9x(B) = ) Ox(w)+ ) Ox(w)

weA weB

= ), bx(w)= ) Ox(w)

wEAUB we(AUB)¥

= Y bx(w)=9x(A+xB),
weA+yB

px(A)ox(B) = () Ox(w))( ) Ox(w))

weA weB

= L 6eix)= ¥ 6x(w)

ucA,veB ucA,veB

= )L ox(w)= ) Ox(w)

weAoB we(AoB)¥
= ¢x(AoB)Y = gx(AxyB).
Therefore, ¢ y is a homomorphism for any X € {P,S,Z}. O

6. Discussion

In this paper, we introduced three classes of formal languages over a finite alphabet,
and we described them as independent sets with respect to partial orders contained in the
embedding order. Then, we discussed the combinatorial properties of words involved in
these partial orders. Furthermore, we established combinatorial properties of languages
of interest, in the sense of set catenation and partial order. In addition, we constructed
algebra structures for these three classes of languages, by defining two binary operations
on each class. At last, we characterized these algebra structures as free objects of ai-
semiring varieties.

We developed in this paper a method to decompose (or compose) free languages with
respect to a particular partial order, which is useful for clustering languages in the sense
of algebra structure. However, we are not sure whether this method can be extended to
a more general case. Furthermore, it is still unknown how to cluster languages with an
algebra structure, which is a free object in the variety [x + yxz ~ x].
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