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Introduction

® First (and most) significant subclass of regular languages.

® For alanguage L C A*, the following conditions are equivalent:
© L is first-order definable (in the signature <)
© L is definable in linear temporal logic (past)
© L is star-free regular
© L is recognized by a counter-free automaton
©  Syntactic monoid of L is aperiodic

® Note: Similar results hold for w-regular star-free languages

® There is an algorithm to decide whether a given recognizable language is
star-free

Aperiodic languages — p. 3/34



Aperiodic Sets

® Aset X C A* is said to be aperiodic if there exists an integer n > 0 such that for
all u,x,v € A* one has

ur"v e L < ux"tlve L

® An automaton is counter-free if there is no word w that permutes a non-trivial
subset of )
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Aperiodicity - Intuition

Counter modulo 3

Periodic semigroup generated by x
with period p (2" = 2"1?)

OO e

Counter saturating at 2

Aperiodic semigroup generated by x
with index n (z" = 2"*1)
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Star-Free Regular Sets

The set of regular subsets of A* is the smallest set of subsets of A* closed
under finite union, concatenation and Kleen star.

The set of star-free subsets of A* is the smallest set of subsets of A* containing
the finite sets and closed under all finite boolean operations and concatenation.

©  Extended regular expressions without the Kleene star operator
Examples:

© 0

O A* =

O (ab)* = e+ (aA* N A*b) N (A*aaA* V A*bbA*)

O (abVba)* = (A*a)b(ab)*(aA*) + (A*b)(ab)*a(bA*)
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Star-free and Aperiodic Sets

® Arational set X C A* is star-free iff it is aperiodic

®  Two proofs:
©  Schitzenberger (based on structure of monoids)
® SF — AP :easy
® AP — SF : much more difficult
©  Use Krohn-Rhodes Decomposition
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Schitzenberger’'s Theorem - Sk AP

Let i(X) be the smallest index that saturates aperiodic set X € A*

i(a) = 2fora € A (trivial)

(X UY) <min(i(X),i(Y)) (trivial)
i(X) = i(X) (trivial)

I(XY) <i(X)+1i(Y)

©)
©)

O

Proof
Let N=m+n+1stN >i(X)+i(Y)

Let uz™r € X and sz™v € Y such that z = rs. Then uz™¥v € XY Either
m > i(X) orn >i(Y). In the first case uz™+1r € X.

Hence uz™tlrsz™v = ua™ "2y = uzN v € XY.
Second case and the other direction of the proof are similar.
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Semigroups and Monoids

® A semigroup is a set equipped with an associative operation. A monoid is a
semigroup equipped with an identity

O

O O O O

(S, 1)

abe Sfora,be S

(ab)c = a(bc) for all a,b,c € S

la=al =1foralla € S

Example:

® A* s the set of all words over an alphabet A and is called the free

monoid with the null word e and the concatenation of words being the
monoid product.

®* (N,+,0)

* (N,%,1)

Note: We call zero of S an element denoted by 0 such that 0s = sO = 0 for
all s € S.
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Morphisms

® A morphism between two algebraic structures is a map that preserves the
operations and the relations of the structure (applies to semigroups and
monoids).

® Given two semigroups (S, .) and (T, %), a semigroup morphism ¢ : S — T isa
map from S into 7" stfor all z,y € S, p(z.y) = p(z) * ¢(y) (for monoid
morphisms we also need the condition ¢(1g) = 17).

® T is said to be homomorphic to S and we denote it by 7" <. S.

®  Two mutually homomorphic semigroups are said to be isomorphic

® We are mainly interested in the homomorphisms from the infinite free monoid A*
onto finite monoids.
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Recognizable Languages

® Recognizable languages usually defined in terms of automata

® LetA=(Q,A, E, I, F) be afinite automaton. The language recognized by A is
the set (denoted by L*(.A)) of the labels of all paths having its origin in I and its
and in F.

® Alanguage L is recognizabe if there exists a finite automaton A st L = L*(A)
® Recognizible languages coincide with the class of regular languages (Kleene)

® Handling the fine structure of recognizable languages is more appropriate using
a more abstract definition, using monoids (or semigroups)

® A monoid morphism ¢ : A* — M recognizes a language L C A* if
L=¢ 'p(L)
© Ifu e Land p(u) = p(v) impliesv € L
© Thereis P C M suchthat L = o= 1(P)
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Transition Monoid

® Equivalence between automata and monoids

® LetA=(Q,A,E,I,F). Toeachword w € A*, there corresponds a relation on
@, denoted by ¢(w) and defined by (p, q) € ¢(w) if there exists a path from p to
q with label w.
® Monoid morphism: ¢ : A* — M(A)
©  Monoid morphism from A* into the semigroup of relations on Q
© Let R1,R2 be two relations on Q. Then R1R> defined by (p, q) € R1R2
iff there exists r € Q st (p,r) € R1 and (r,q) € Ra.

® p(A*) is called transition monoid (or transformation monoid) of .A and is denoted
by M(A).

® A word w is recognized by A iff (p, q) € p(w) for some initial state p and some
final state q.

® If a finite automaton recognizes a language L, then its transition monoid
recognizes L.
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Syntactic Monoid

® Let L C A*. The syntactic congruence ~, is defined over A* by u ~, v iff for all
x,t € A% xuy € L & xvy € L

® Syntactic monoid of L is the quotient monoid M = A*/ ~..

® Each word in A* is mapped to the congruence class modulo L of which that word
is a member (many-to-one mapping).

® Itis the smallest monoid recognizing L.

® Syntactic monoid recognizing L is the transition monoid of the minimal
deterministic automaton recognizing L.
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Syntactic Monoid - Example

a

Q_T Q_T

A = {a,b}
= (ab)*, M = o(L1) Lz = (a0)*, My = ¢(L3)
1 a | B8 | 0| af | Ba 1| a]| O
1112/ |/ 1 / 11112/
212/ |1 |1/ / 2 2 12|11
Mi = {1,a,3,0,a8, Ba} Ms = {1,a, 8}
afa=a,BaB=08,a2=0862=0 al=1a3=a,6=0
Vo, 2?2 = z3 Vn, a™ # "1l
L, aperiodic Lo not aperiodic
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Syntactic Monoid - Monoid Graph

o((ab)*)
1 o 0 0 af B«
1 1 o 0 0 af PBa
« Q 0 af 0 0 «
G 6 pPa 0 0 B 0
0 0 0 0 0 0 0
af | af o 0 0 ap 0
Ba | Ba 0 G 0 0 Ba

Example: p(a) = p(aba) = p(ababa) = «

« Is the class of words which need a b in order to be accepted.
|
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Sketch of Proof AP— SF

® Show that each subset of an aperiodic monoid can be rewritten as a bollean
compination of left, right and full ideals that it generates.

®  Write the inverse morphism of the aperiodic monoid as a boolean combination of
sets of prefix and suffix patterns of the words that are part of the language
recognized by that monoid, as well as of the patterns not allowed in the middle of
the accepted words.

® Prove by induction on the cardinality of the [7-classes of the aperiodic monoid
that the sets generated by the inverse morphism are star-free.
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|deals

® Let S be a semigroup and M = S U {1} a monoid.
© Rightideal of Sis R C S suchthat RM = R

O Leftideal of Sis I, C S suchthat ML = L
© Jdealof SisI C Ssuchthat MIM =1

® Example: Let P be the set of pair positive integers. P is an ideal of Z.
® A principal ideal I in a monoid M if it is generated by a single element m € M.

® Example: Let P = 27Z. P is a principal ideal of Z.
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ldeals - Example

Right Ideals of the Syntactic Monoid of (ab)*

Left Ideals of the Syntactic Monoid of (ab)*
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Green Relations

® Let M be a monoid. We define 4 equivalence relations over M (£, R, J and H),
called Green relations:

© aRbe aM =bM

albs Ma= Mb
aJbs MaM = MbM
aHb&saRbNalb

aDb iff dc € M st aLc and ¢Rb

® Soa R b, if there exist ¢c,d € M such that ac = b and bd = a.

O O O O

® a and b are R-related if they generate the same right (principal) ideal.

Given that M is a finite monoid and m,n € M, m D n ift m J n.
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Green Relations - Example

1 « I} 0 a8 P«
1 1 « I} 0 af8 P«
0! o 0 aB 0 0 Q
6| B Pa 0 0 p 0
0 0 0 0 0 0 0
afb | af « 0 0 «ap 0
Ba | Ba 0 1] 0 0 Ba
1M =M M1=M
OM =0 MO =0
aM = {a,aB,0} Mo = {a,Ba,0}
BM = {B,Ba, 0} MB = {B,a8,0}

afM =aM (e Ra) MaB=MpB (ab L ()
BaM = M (BaR B) MpPBa=Ma (fa L «)
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Green Relations - Example

L-classes
1 J-classes
af o)
R-classes *
B Ba
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Schitzenberger’'s Theorem - Lemma 1

® Lemmal Let M be an aperiodic monoid and let p, g, » € M. If pgr = ¢, then
pqg = q = qr.
©  Simplification rule (SR)
® Proof
©  Let pgr = q. Then p™qr™ = q (let n be the index of M)
O pntlgr® = p™gr™ = q (M aperiodic)
° q=p{"qr") =pq
©  Similar for g = gr
® Example:
°© afafBa=q«

© afa=afa=a
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Schitzenberger’'s Theorem - Lemma 2

® Lemma?2 Let M be an aperiodic monoid and let p, g, » € M. Then
{q} = (@M N Mqg)\Jq,with J; ={s € M | q ¢ MsM}.

O Intuition: decompose each subset of M into a boolean combination of right
ideals, left ideals and ideals.

® Proof
1. q € (gM N Mq)\Jq (trivial)
Let s € (M N Mq)\Jq
dp,r st s = pg = qr (by (2))
s & Jq,. Hence g € MsM (by definition of J,)
Ju, v st g = usv (by (4))
Replace s by pq (by (3)). Hence ¢ = upqr = (up)q(r).
q = (up)q (SR). Replace pq by s. ¢ = us.
Replace s by gr. Then ¢ = uqr. Using SR g = gr.
Since s = gr, we can conclude that g = s.

RGO CORIND
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Schitzenberger’'s Theorem - Lemma 2

® Example:
°© aM ={a,a8,0}, Ma = {«a, Ba, 0}
a={seM|a& MsM}
aM N Mo ={a,0}
MaM =A{a, B, a8, Pa,0}
MOM = {0}
Jo = {0}
(aM N Ma)\Jo = «

o O O O O O
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Schitzenberger’'s Theorem - Proof objective

® We want to prove that if o : A* — M is a morphism from A* into an aperiodic
monoid M, the set o~ (P) is star-free for every subset P of M

e~ '(P)= | ¢ (m)

meP

® Example: Let L1 = (ab)* and M1 = ¢(L1) = {1,, 3,0, a8, Ba}. P = {1, a8}
(elements that lead from initial to final state). Then L1 = o= 1(1) + ¢~ 1(aB). We
need to show that =1 (1) and ¢~ 1 (a3) are star-free sets.

® We should show that o —!(m) is star-free by induction on the integer
r(m) = Card(M\MmM).
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Schitzenberger’'s Theorem - Inverse morphism

® Let
L={UA"NA"V)\(A*CA* U AW A™)
We need to show the correctness of the formula =1 (m) = L where
C={acAlm¢gMp(a)M} W =U npea ap~1(n)b
E={(n,a) e M x A | np(a) R mbutn & mM}

F=A{(a,n) € Ax M | p(a)n L mbutn & Mm}
G ={(a,n,b) e AXMxA|mée (Mp(a)ynM N Mnp(b)M)\Mp(a)np(b) M}

® We need to show that the sets U, V, C and W are star-free

with
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ScHitzenberger's Theoremgs—!(m) C L

* U=Upaes s ()a
® E={(n,a) € M x A|np(a) Rmbutn & mM}

® Letu € ¢~ !(m) and p the shortest prefix of u st o(p) R m. p cannot be empty,
otherwise 1 R m, and in that case m = 1 (by SR).

® Letp=rawithr € A* and a € A. Let n = (7).
® n¢gmM and np(a) R m, hence (n,a) € E.
® By construction u € ¢~ (n)aA*. Therefore, u € UA*.

®  Symmetric argument in order to show that w € A*V.
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ScHitzenberger's Theoremgs—!(m) C L

C={acA|m¢&Mp(a)M}

Suppose that u € A*CA*. Then, da st m = p(u) € Mp(a)M which is a
contradiction with the definition of C'

W = U(a,n,b)EG a’gp_l(n)b
G={(a,n,b) c AXMxA|me (Mp(a)nM N Mnp(b)M)\Mp(a)np(b) M}

Suppose that u € A*W A*. Then exists (a,n,b) € Gstm € My(a)np(b)M
which is a contradiction with the definition of G

This concludes our proof that =1 (m) C L
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ScHhitzenberger's Theoreml> C ¢! (m)

® Letu e Lands=p(u).
® {m}=(mMn Mm)\Jn, with J,,, = {s € M|m & MsM}
® Since u € UA* N A*V (by def of L), we have s € mM N Mm.

® To prove that s = m and hence u € ¢~ !(m), it is enough to prove that s € J,,,
ie. m € MsM (by Lemma 2)

® Suppose m ¢ MsM. Let the word f be the minimal factor of u st m ¢ Mp(f)M
®  f non-empty

® Casel: fis aletter. Then this letter isin C and uw € A*C A*. Impossible.

® Case2 Let f = agbwitha,b € A. Letn = ¢(g).

® fis of minimal legth, hence m € Mp(a)nM and m € Mnp(b)M. In that case
we have n € G and f € W. Impossible.

® We can conclude that s = m.
® This concludes our proof that L C ¢~ (m).

® o7'(m)=1L
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Schitzenberger’'s Theorem - Inductive Base

® LetB={a€ A|p(a) =1}

© B is the set of letters which are self-loops on all the states in the automaton
® Base:r(m)=0
® Then m = 1, and we can show that o —1(1) = B* and B* is a star-free set.

© r(m)=0then M = MmM. Hence, there exists u,v € M st
umv = (um)1(v) = (u)1(mv) = 1. Apply simplification rule:
(u)1 =1,1(v) = 1, hence v = v = 1 and consequently m = 1.
© B* = A"\ Ugea\p A" aA”

Aperiodic languaages — p. 30/34



Schitzenberger’'s Theorem - Inductive Step

CERE

10.
11.
12.
13.
14.

Let r(m) >0

Assume that we have established that ¢~ (s) is star-free for each element s with
r(s) < r(m)

We need to show that UA*, A*V, A*C A* and A*W A* are star-free.

U =Un oy 9L (n)ad”

E={(n,a) e M x A|np(a) R mbutn &€ mM}

Let (n,a) € E. Given that np(a) R m we have MmM C MnM and hence
r(n) < r(m)

Suppose r(n) = r(m). Thenn € MmM

Ju,v € M stn = umuv (by (7))

Since, m € ny(a)M (by (6)), dp € M stm = np
n = unpv ((8) and substitution by (9))

n = npv = muo (by SL and substitution by (9))

n = mu IS a contradiciton with n & mM

Hence, r(n) < r(m)

Symmetric argument to prove that A*V is star-free.
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Schitzenberger’s theorem - Inductive Step

xS A

W =Ua.npea A*ap~1(n)bA*

G={(a,n,b) e AxMxA|me (Mp(a)nM N Mnp(b) M)\ Mp(a)np(b)M}
Let (a,n,b) € G. Since m € MnM, r(n) < r(m).

Assume r(n) = r(m). Then MmM = MnM

n € MmM (by (4))

Since m € My(a)nM and m € Mnp(b)M (by (3)), then alson € Mp(a)nM
and n € Mne(b)M

7. Ju,v € M stn = unp(b)v (by (6))

n = ne(b)v (by SR and (7))

9. Jdz,y € M stm = xp(a)ny (by (6))

10.
11.
12.

m = xp(a)np(b)vy (replace n in (9) using (8))
m € My(a)np(b) M Contradiction with definition of G

We can conclude that r(n) < r(m)
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Schitzenberger’s theorem - Example

Let us calculate o~ (af3)

UA*: Find np(a) R ag suchthatn ¢ afM. a R af. a = la = 1p(a).

1€ aBM. Hence UA* = aA*.

A*V:Find p(a)n L af suchthatn & Mag. 8 L aB. B = (1 = p(b)1.

1 € MagB. Hence A*V = A*b.

A*W A*: Let us first find k such that k € MafSM. k = oa® = ala = p(a)le(a).
Remember that also a? = 82 = 318 = ¢(b)1p(b). We verify that o8 € MaM
and a8 € MBM. Hence A*W A* = A*aaA* U A*bbA*.

o~ 1(aB) = (aA* N A*b)\(A*aaA* U A*bbA*)
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