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Didier CaucaL and Chloé RISPAL

LIGM-CNRS University Paris-Est
{caucal,rispal } @u-pem.fr

Abstract We present a new approach to define boolean algebras of
various language families : given a family F of infinite automata, an
automaton H recognizes the set of languages accepted by all automata
of F that can be mapped by morphism into H. Considering appropriate
automata families, we get boolean algebras of context-free languages,
indexed languages, Petri net languages, higher order indexed languages
and context-sensitive languages.

1 Introduction

The family of regular languages is closed under many operations. Those closure
properties give an easy way to work with this family and specially the closure un-
der boolean operations. Some of these boolean closure properties are not satisfied
at the next level of the Chomsky hierarchy: the family of context-free languages
is not closed under complementation and intersection, and the subfamily of de-
terministic context-free languages is not closed under union and intersection.
This boolean closure properties are satisfied neither by the families of Petri net
languages and higher-order indexed languages [11].

In this paper, we present a new approach to extract boolean algebras of all
those language families. A standard way to get boolean algebras is by recogniz-
ability by inverse morphism as defined by Eilenberg [5,6] for any monoid. This
notion of recognizability has been extended to terms, finite graphs, pictures,
traces, words indexed by linear orderings (see [17] among others). In all of these
extensions, recognizability is associated to appropriate finite automata. In this
paper, we adapt recognizability by inverse morphism to infinite automata.

An automaton is a set of labelled edges with some initial and final vertices.
A morphism f from an automaton G into an automaton H is a mapping from
the vertices of G into the vertices of H such that for any edge s - ¢ of G,
f(s) % f(t) is an edge of H and for s initial/final in G, f(s) is initial/final in
H. We define the recognizability by an automaton H according to an automaton
family F as the set Recx(H) of languages accepted by the automata of F that
can be mapped by morphism into H.

A way to obtain boolean algebras of context-free languages is by synchro-
nization of pushdown automata [13,4]. This approach corresponds to the recog-
nizability with morphisms preserving the stack height. We show that this notion
can not be generalized to get boolean algebra for stack of stack automata.



We consider the family F(R) of automata such that each labelled transition
%5 is a binary relation of a set R. We introduce the structural recognizabil-
ity according to F(R) by restricting the morphisms to relations of R. To get
the closure under complementation, we add a natural condition of determin-
ism on the morphisms. Structural recognizability defines boolean algebras for
pushdown automata and also for stack of stack automata. More generally, we
consider the hierarchy of multistack of stack automata. We prove that for any
automaton family of this hierarchy, structural recognizability and deterministic
structural recognizability coincide and define a boolean algebra for any unam-
biguous automaton. We also get boolean algebras by deterministic structural
recognizability of synchronized automata.

2 Recognizability

In this section, we give notations and we define recognizability by inverse mor-
phism for infinite automata.

2.1 Automata

An automaton is a labelled oriented simple graph with initial and final vertices.
More precisely, an automaton G is defined by G C VgxTexVe U {1,0}xVg
where V¢ is a finite or countable set of wvertices, T¢ is a finite set of labels, ¢
marks the initial vertices, and o marks the final vertices. Any triple (s,a,t) € G
is an edge labelled by a from source s to goal t; it is also denoted by s 3¢ t
ie. Lo = {(s,t) | s ¢ t} is the a-transition of G. Any couple (c,s) € G
is a vertex coloured by ¢ € {i,0}; it is denoted by cs € G and g =
{ (s,8) | cs € G} is the c-transition of G.

Taking symbols |, %, and a triple T - (T-1,To,T1) of disjoint alphabets, we
define the input-driven automaton:

Inpm(?) ={ """k |n>0AaeT}
U {|"% 5"k |n>0AbeT )
U{ """ |[n>0AceTo}U{tctU{o|"s|n>0}.

The automaton Inpy 3 ({b}, {c}, {a}) is represented below.

(& c (& c
@ . @ 0 @ . ®
’:blzbl\‘nb\ﬂn___

Recall that a path so — ...~ s, is a sequence of consecutive transitions and
we write so ““3" s, ; such a path is accepting for sq initial and s, final. The
G

language accepted by an automaton G is the set L(G) of labels of the accepting
paths:



L(G) = {ueTg|3s,t (st Aus,oteq)}
G

The previous automaton Inp; ; ({b}, {c},{a}) accepts the language

L(Inp, ; ({6}, {c},{a})) = {uefab e} [Vv<u, fvfa>]vfy }

of prefixes of well-parenthesed words (a the open parenthesis and b the close
one). The notation v < w means that u is a prefixe of v. An automaton is
deterministic if it has a unique initial vertex and if for any vertex s and any
label a, there exists at most one transition starting from s and labelled by a.
More generally, an automaton is unambiguous, if any two accepting paths have

distinct labels. The previous automata Inp, ;(7') are deterministic.
A morphism f from an automaton G into an automaton H is a mapping
f: Vg — Vg such that for any s,t € Vg, a € Tg and ¢ € {¢,0},

st = f(s) = f(t) and cs€G = cf(s)e H
G H
we write G~ H and say that G is f-reducible into H.

2.2 Recognizability
Recall that a language family £ is a boolean algebra with respect to a language
Leclif

PCL and L—P,PNQ € L forany P,Q € L.
We define recognizability for families F of automata to get boolean sub-algebras of

LF) = {LG)|GeF}.

For any fixed monoid M, Eilenberg has defined the following family rec(M) of
recognizable subsets of M by inverse morphism:

{ f7Y(P)| 3 N finite monoid (f : M — N morphism AP C N) }.

Contrary to Eilenberg, we define recognizability by fixing the image of the
morphism while its input domain takes values in a family of automata. Precisely,
let F be a family of automata and let H be an automaton not necessarily in
F. We consider the set of languages accepted by all possible automata G of F
reducible into H:

Recr(H) = {L(G)|GeF N G — H }.

Denote by Loop, the reduced automaton with one state and the loops labelled
by each letter of the alphabet T':

Loopr = {rk S k|a€T} U {tk, ok}

Any automaton labelled in T can be reduced to Loop, hence
Recr(Loopyp) = L(F).



Proposition 2.1 For the family Fo of finite automata and for any H € Fy,
Recr,(H) = {LCL(H)| L regular }
is a boolean algebra with respect to L(H).

In particular Recz,(Loops) is the set Reg(T*) of regular languages over T
which is a boolean algebra. This is not true in general for any family F of
automata. So conditions have to be given on the morphisms to get boolean
algebras.

3 Length recognizability

Boolean algebras of context-free languages can already be obtained by synchro-
nization of pushdown automata [13,4]. This notion corresponds to recognizabil-
ity by morphisms preserving vertex length. In the case of pushdown automata,
length recognizability defines a boolean algebra of context-free languages for any
unambiguous pushdown automaton.

We show that this approach is not suitable any more when considering stack
of stack automata: the set of languages accepted by stack of stack automata
mapped by a length-preserving morphism into a deterministic stack of stack
automaton is not in general closed under complementation.

3.1 Families of automata on words

We define an automaton family by the type of relations of its labelled transitions.
Given a family R of binary relations, we define the family F(R) of automata
G whose labelled transitions are relations of R :

%5 € R forany a € Tg U {t,0}.
G
From now on, N is a countable set of symbols. We denote by
Ro = { R C NxN | R finite }

the family of finite binary relations on N. So F(Rg) is the set of finite automata
having vertices in N. For instance, for the family R, of relations of the form

{("k,["*w) [ne P} or {(|""'k,[") | n€ P} or {(|"k,|"x)|n€P}
where P is a regular subset of IN, the automata Inpl,l(?) and Loop; are in
F(Rq).

3.2 Length recognizability for pushdown automata

A morphism f from an automaton G is length-preserving if for any vertex s € Vi,

|f(s)] = |s|. For any family R of binary relations on N* and for any automaton
H of vertex set Vi C N*, the length recognizability is
(Recrr)(H)

={LG)|GeFR) NI f (G Ty H A f length-preserving) }



the restriction of recognizability to length-preserving morphisms.
In particular the family of input-driven languages [12] for any triple ? of disjoint
alphabets and for any family R of binary relations on N* is

Idig (T) = (Recr)(Inpy ;(T)).

So, for a triple ? = (T-1,To,T1), a language is input-driven if it is accepted by
an automaton such that for u—"sv, we have (Jv| = |u|+1i) for a € T; and (Ju| =0
for a = 1).

Length recognizability has been already considered for the family of pushdown
automata. Let us recall the suffix relations which define the same automaton
family as pushdown automata restricted to a regular vertex set [3]. The left con-
catenation of a language W C N* with a binary relation R C N*xN™* is the
relation

W.R = { (wu,wv) |weW A (u,v) € R }.
For instance N*.R is the suffiz rewriting of R. For words u,v, we denote by
W(u,v) = WA(u,v)} = { (wu,wv) | we W}
and is called an elementary suffiz relation when W is a regular language. A
suffix relation is a finite union of elementary suffix relations:

Wi(ug,v1) U ... U Wy (un,v,) with n >0 and Wyq,..., W, regular.

The family of suffix relations is denoted by Stack.
For instance the automaton H; defined by the suffix relations:

— = ["(&) ; = = [*(le) U [* 1 (e 1)

= = "t (he) 3 = == = (59)

belongs to F(Stack) and is represented as follows:

L € a | a [l
o e —

I

Length recognizability for pushdown automata corresponds to synchronization
and defines a boolean algebra of context-free languages for any deterministic
pushdown automaton [13] and for any unambiguous pushdown automaton [4].

Theorem 1. For any unambiguous automaton H € Stack,

(Recr(stack) (H) is a boolean algebra with respect to L(H).

In particular for any partition ?, the family IdlStaCk(?) of input-driven push-
down languages is a boolean algebra with respect to L(Inplyl(?)) [12].



3.3 Length recognizability for stack of stack automata

So length recognizability defines boolean algebras for pushdown automata but
this approach is not suitable anymore when considering stack of stack automata.
We present the suffix relations of level 2, defining the same automaton family
as stack of stack automata. A vertex of a stack of stack automaton is a word of
words that is a tuple of words:

2 = (x0,...,2) € (N*)¥ with k> 0;
the word xp corresponds to the topmost stack of level 1.

The following elementary operations are defined on words of words:
for any a € N and zg,...,z; € N*,

(o, ..., 2x) —= (z0,...,T10) % (o, ..., Tk)
(:C()v"'azk) i) (zoa"';zkv'rk) i) (xov"'azk)

! ?
() — () (Xoy .oy Th—1,8) —> (XToy..., Th—1,€)

We denote by
Op = NUNU {#%!7}
the set of letters representing those operations.
Elementary relations on words of operations are of the form:

W (u,v) { (wu,wv) | we W} C Op*xOp*
where W is a regular set over Op.

Elementary suffix relations of level 2 (on words of words) are defined by inter-
pretation:

[Wu,0)] = {(Z,Y)|FweW, 37, ()57 AN 757 AN Z-5Y }
where the context W is a regular subset of Op*, v and v are words over Op,
and 7, 7, 7 are words of words over N. In particular

= = [Op*(e,w)] for any w € Op*.
A suffix relation of level 2 is a finite union of elementary suffix relations of level 2
and the set of suffix relations of level 2 is denoted by Stacks. These suffix rela-
tions can be normalized [2]. The languages accepted by automata of F(Stacks)
are indexed languages [1] but the indexed language

{wu|uwe{a,b}* } ¢ L(F(Stacks)).
For instance, the following automata of F(Stacks) are a natural extention of
the automata Inp, ;. For any quintuple ? = (T-1,To, Th,T"1,Ty) of disjoint

alphabets, the automaton Inpu(?) is defined for any a € Ty, b € T_1, ¢ € Ty,
AeT] and BeT’, by

L =lop*(k,|k)] ={(",....|"™)k — (|",..., " K | k,ng,...,nk >0}
L [op*(|k, k)] ={(™,....|™ )k — (|",..., ")k | k,ng,...,nk >0}
S =lop*(k,k)] ={(",...,|™)k — (|",...,|"™)k | kyng,...,nk >0}
i>:|[0p*(l<a,3v%él<a)]| ={(m, ..., ")k = (", ..., ", ")k | kyno,...,ne >0}



B, - [op*(#r,6) ] ={ (™, ..., ", ")k — (|",...,|"™)k) | k,ng,...,nk >0}
— =[(k,5)] ={(k,r)}
2 =[op*(k, k)] ={(",....[")k = (|™,...,|"™)s | k,ng,...,nx >0}

where op = {|,],#,?} and (|™,...,[" )k = (|",...,|™ k).
For instance, Inp; 5({b},{c}, {a},{B},{A}) is represented below

Y ) — — —

and corresponds to the Muchnik’s operation [15] of Inp, ; ({b}, {c}, {a}).
Length recognizability is naturally extended to automata whose vertices are
words of words. Precisely a function f : (N*)* — (N*)* on words of words
is length-preserving if the image by f preserves the number of components and
the length of each component: for each f(x1,...,2m) = (Y1,---,Yn),
m=nAlxi|=ly1| A A |Zm] = |Yym]-
Length recognizability does not define in general boolean algebras for stack of
stack automata. For instance, a natural extension of input-driven languages is
not closed under complementation.

Proposition 3.1 For any partition ? of non empty alphabets,
(Recr(stack,)(Inpy o (1)) is not closed under complementation.

As a counter example, the language
{a™cb™a™d...cb"a™d | n,k>0 A 0<nyg,...,np<n

belongs to (ReCr(stacks) (Inpy o ({6}, 0, {a}, {d},{c})) but not its complement.

4 Structural recognizability

Since length recognizability does not define boolean algebras beyond context-free
languages, we introduce a new recognizability. For any automaton family F(R),
structural recognizability requires the morphism to be a relation of R.

Like for finite automata, we need determinism to get boolean algebras by struc-
tural recognizability but we do not determinize automata : we introduce a con-
dition of determinism on the morphisms. When the morphisms are deterministic



and belongs to R, recognizability is deterministic structural.
In this section, we apply structural recognizability to the whole hierarchy of
multi-stack of stack automata. We prove that for the family of automata defined
by m stacks of level n, structural recognizability and deterministic structural
recognizability coincide and define a boolean algebra for any unambiguous au-
tomaton.

For any automaton family F(R), the recognizability is structural when the
morphism is a relation of R.

Definition 1. We define by structural recognizability from an automaton H
according to an automaton family F(R) the set

sRecrr)(H) = {L(G) |GEF(R) A 3ferR (G -5 H) ).

To illustrate this definition, we introduce the family of one counter relations
defined by pushdown automata using a unique stack symbol | € N.
An elementary one counter relation is of the form

W (u,v) = {(wu,wv) |w e W} for W e Reg(]*) and u,v € [*(N —{][}).
A one counter relation is a finite union of elementary one counter relations and

the set of one counter relations is denoted by Count.
For instance let G be the one counter automaton defined by

* b * *
= = lp) = = 1"(p.a) U ["(g,9)
= ={@p} ;5 = = {ep (@9}
and represented as follows:
L P a [F 22 llp o  lllp
00 . . .
/ / / _
b b b
00 . . .
q la Ila Illa

The (unique) morphism f from G into Inp, ;({b}, {c}, {a}) is the one counter
relation

[ = |*(p7’€) U |*(q7’€)'

So {a"" | n>0} = L(G) € sRecrcount)(Inp1,1({b}, {c}, {a})).
Like for finite automata, we need to determinize to get the closure under com-
plementation by structural recognizability.

Definition 2. For G -1 H, we say that the morphism f is deterministic and

f
we write G —> H if the images by f are distinct for distinct initial vertices,
and for distinct goals of edges with the same source and label:

ts,1teG VvV (r%s A r%t) = s=tV f(s)# f(t).

The reduction of a deterministic automaton is deterministic:

!
(G deterministic A G , H) = G — H.



The deterministic morphism preserves by inverse the determinism and the non-
ambiguity:

!
(G —> H N H deterministic/unambiguous) = G deterministic/unambiguous.

Definition 3. For any relation family R and any automaton H, let

f
dsRecrry(H) = {L(G) |GeF(R) AN I feR (G — H) }
be the set of deterministic structural recognized languages.

Structural recognizability allows to get boolean algebras not only for pushdown
or stack of stack automata but for each level of the stack hierarchy [2,8] and also
by allowing multi-stacks.

For any integers m,n > 1, we define the set Stack(m,n) of relations definable
by m stacks of level n and its subset Count(m,n) of relations definable by
m counters of level n. This hierarchy of relation families is represented by the
following figure:

counter 2 counters m counters
multi-counter (VAS or Petri nets)

]
¢ Y m stacks of counters
PR, > !\ ____________________ > multi-stack of counters
stack of counters . ! multi-stack
tsta&k SO t 2 stacks m stacks
. ! A multi-stack of stacks

l stack of staicks 2 stacks of stacks m stacks of stacks
¥ ——> multi-stack of stacks of stacks
n levels of stacks of countersl l |
counter hierarchy |
n levels of stack of stacks n levels of 2 stacks of stacks !
stack hierarchy 2 stacks of stacks hierarchy

We have Count(1,1) = Count, Stack(1,1) = Stack and Stack(1,2) = Stacka.
For those families, structural recognizability and deterministic structural recog-
nizability coincide and define a boolean algebra for each unambiguous automa-
ton.

Theorem 2. For any m,n > 0 and any unambiguous H € F(Stack(m,n)),

sRecr(stack(m,n)) () = dsRecr(stack(m,n))(H)
is a boolean algebra with respect to L(H).

In fact, we have defined properties of stability on the automaton family F such
that sRecr(H) = dsRecz(H) is a boolean algebra for any unambiguous au-
tomaton H in F. We have proved that those stability properties are satisfied
at each level of this multi-stack of stack hierarchy but more generally, struc-
tural recognizability can be applied to any stable automaton family. In the last
section, we chose to apply it to synchronized automata.



5 Synchronized automata

Synchronized automata can be of infinite degree or of finite but unbounded de-
gree. They accept all the context-sensitive languages.
An elementary synchronized relation is of the form

R.(U,V) = { (wu,wav) | (wy1,w2) € R,ucU,veV }
where R € Reg((NxN)*) is a letter-to-letter regular relation and U,V €
Reg(N*) are regular sets. A synchronized relation is a finite union of elementary

synchronized relations and the set of synchronized relations is denoted by Sync.
For instance, the automaton Hy defined by

% = (A, A)*(B, A)(e, B) ; 5 = (B, B)(4, A)*(A,¢)
< = [(A,A)*(A,B)(B, A)(A, A)*](e,¢) ; = = % = (B, B)(e,¢)
belongs to F(Sync) and is represented below.

-

AAAB -~
-

~
BAAA N _

For the family F(Sync) of synchronized automata, the deterministic structural
recognizability gives a boolean algebra for each unambiguous synchronized au-
tomaton.

Theorem 3. For any unambiguous automaton H € F(Sync),

dsRecr(sync)(H) is a boolean algebra with respect to L(H).

The languages accepted by automata of F(Sync) are the context-sensitive lan-
guages [14]. Given an alphabet T, any synchronized automaton G labelled in
T is reducible to Loop, by the morphism mapping all vertices of Vi to the
unique vertex x of Loopp. So
sRecr(sync)(Loopr) is the set of context-sensitive languages over T

which is a boolean algebra [9,16]. Furthermore dsRecz(sync)(Loopy) is the set
of deterministic context-sensitive languages over 1" which is a boolean algebra
by Theorem 3. Thus, the following question arises:

SReCf(Sync) (LOOpT) = dSReC]:(SynC) (LOOpT) ?
This corresponds to the famous conjecture of Kuroda [10].
A more general question is:

sRecr(sync)(H) = dsRecr(sync)(H) for any unambiguous H € F(Sync)?



For a given partition T — (T-1,To,T1), let us also characterize by structural
recognizability the family

Idl‘SynC(?) = gReC]:(Sync)(Inpl,l(?))
of input-driven synchronized languages. For instance, for the previous automaton
Hs, we have
L(Hy) = {a"c"b" | n>0}* € Idlgync({b},{c},{a}).
For a given partition T with T 1,11 #0,
1dlgyne(T) C sRecr(syney(Inp; 1 (T)):
For instance Inp, ;({d},0, {c}) can be reduced to Inp, ;({b}, {c,d},{a}) so the

language L(Impm({d}7 0,{c})) belongs to sRec}-(Sym)(Inpl,l({b}, {¢,d},{a}))
but this language is not an input-driven synchronized language for the partition
({b},{c,d},{a}): all the vertices of Inp, ;({d},0,{c}) are mapped to the same
vertex k and it is not possible to have an infinite number of vertices of the same
length.
To characterize Idl,sync(?), we restrict to the subfamily of synchronized rela-
tions R of bounded length difference:

3b, V (u,v) € R, ||u|—|v]] < b
So a synchronized relation of bounded length difference is a finite union of rela-
tions of the form

R.(u,v) = { (wiu,wev) | (w1,ws) € R }
where R € Reg((NxN)*) is a letter-to-letter regular relation and w,v € N*.
Denoting by bSync the set of synchronized relations of bounded length differ-

ence, the bounded length difference synchronized automataof F(bSync) recognize
the same languages as synchronized automata of F(Sync):

L(F(bSync)) is the family of context-sensitive languages [14].
This restriction to F(bSync) allows to characterize by structural recognizability
the family Idlgync(?) = Idlbgync(?) of input-driven synchronized languages.

Proposition 5.1 For any partition ?,
SReCf(bsync)(Inp1,1(7)) = Idlgync(?),

However we do not know whether Idlsync(?) is a boolean algebra with respect
to L(Inpm(?)). This is true when restricting to dsRecz(,sync) (Inpl,l(?)).
Theorem 4. For any unambiguous automaton H € F(Sync),
dsRecr(bsync)(H) is a boolean algebra with respect to L(H).

Theorems 2, 3 and 4 are obtained in a same general way: for an automaton family
F(R), we define a condition on the relation family R over the vertices. This
condition ensures that vertices can be added or deleted while staying in the same
automaton family. It allows to make standard constructions on automata such

as determinization, synchronization product and complementation restricted to
vertices having the same morphic image.



6

Conclusion

We have defined structural recognizability by inverse morphism for infinite au-
tomata. We have applied it to automata of the multi-stack of stack hierarchy
and to synchronized automata and proved that, in those cases, any unambiguous
automaton defines a boolean algebra of languages.

In fact, structural recognizability can be applied to any unambiguous recognizer
and any stable automaton family.

Thanks to Arnaud Carayol for his remarks and for the example of Proposi-
tion 3.1.
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Appendix
We give here proofs and complementary results.

A Operations on automata

The closure of sRecr(g)(H) under complementation and intersection are ob-
tained by closure of the automaton family

Autry(H) = {GeF(R) |3 feR(G-L H)}
under standard determinization and synchronization product but restricted to
vertices reducible to a same vertex.

A.a Determinization

An automaton is reduced if any vertex is accessible from an initial vertex and
. . . f
coaccessible from a final vertex. Let us consider a reduction G — H from a

reduced automaton G into a unambiguous automaton H. This morphism f is
unique.

Proposition A.1 There is at most one morphism from a reduced automaton
imnto a unambiguous automaton.

Proof.
Let G % H and G - H with G reduced and H unambiguous.
Let s be any vertex of G.

As G is reduced, there exists u,v such that ¢« = s = 0 meaning that
G G

Irt(r=s==>t A tr,ot€G).
G G

As ¢g and h are morphisms, we have
1 = g(s) = 0 and (== h(s) = o.
H H H H
As H is unambiguous, g(s) = h(s).
U

We partially determinize G by applying the standard powerset construction re-
stricted to the subsets of vertices having the same image by f.
Precisely and for any a € Tg U {1, 0}, the image by %+ of P C Vg is

G

(P) = {t|3seP(s-Ht)}
G G

the set of goals of a-edges of sources in P. In particular for ¢ € {i, 0},
%(P) = {sePlcseG}

is the set of vertices in P coloured by c.



Let IT be the family of non empty subsets of Vi with the same image by f:
II ={PCVg||f(P)=1}.
The determinization Det(G, f) of G according to f is the following automaton:
Det(G,f) = {«tP|PcI ANVPEll(PDOP = ?(ﬁ) =P)}
U{P5QIPQENAVQEN(@2Q — S(P)nQ = Q)
U{oP|PecIl A %)(P)#@}.
By extending f:II — Vg by f(P) = f(s) for any s € P € II, we get
Det(G, f) L+ H.
The automaton Det(G, f) is deterministic according to f in the following sense:
G L5 H is a deterministic reduction and we write G —f|> H if
s,ite GV (r%s A r%t) = s=t V f(s)# f(t)

meaning that the images by f are distinct for initial vertices and for goals of
arcs with the same source and label.

Lemma A.2 For G L5 H, we have
Det(G, f) o H and L(Det(G, f)) = L(G).

Proof.

i) Let us show that L(Det(G, f)) = L(G).

C: Let aj...a, € L(Det(G, f)) with n >0 and aq,...,a, € T.
There exists Py —» P ... % P, with 1Py, 0P, € Det(G, f).

Det(G, f) Det (G, f)

There is s,, € P, such that os,, € G.
By induction from i =n to i =1,

there exists s;_; € P,_; such that s;_; — s; .

G
As sg € Py, we have 1sg € G.
Finally so % 81 ... % s, with 180, 05, € G hence ay...a, € L(G).
G G
D:Let aj...a, € L(G) with n >0 and aq,...,a, € T.
There exists sg —% $7 ... -2 5, with L8y, 08, € G.
G G
We take the maximal (for inclusion) subset Py € IT such that
forany s€ Py, ts€ G AN f(s) = f(so).

In particular sop € Py and ¢ Py € Det(G, f).
By induction on 1 < i < n, we take the maximal subset P; € Il such that

P; € “5(Pi1) and f(s) = f(si) forany s € P;;
G

in particular s; € P; and Pi_y -2 P;.

Det(G, f)
As s, € P, we have o P, € Det(G, f).
Thus Py % P... *% P, with ¢tPy, 0P, € Det(G, f).
Det(G, f) Det(G, f)

Hence a;...an € L(Det(G, f)).

f
ii) It remains to check that Det(G, f) —> H.



First Det(G, f) is f-deterministic since for
(LQ, 1Q €Det(G, f)V (P % QAP 5 )Q/)) with f(Q) = f(Q")

Det (G, f) Det (G, f
we have Q U Q' € IT hence by maximality of @) and Q’, we get Q = Q’.
Let ¢ P € Det(G, f) with ¢ € {,0}.

There is s € P such that c¢s € G.

So ¢f(s) € H and f(s) = f(P) i.e. cf(P)e H.
Let P % )Q. So Q # () and we take t € Q.

Det (G, f

As Q C -%(P), there is s € P such that s % t.
G G

Thus f(P) = f(s) = f(t) = f(Q)
O

The deterministic reduction preserves determinism and unambiguity by inverse.

f
Lemma A.3 Let G —> H.
If H is deterministic then G is deterministic.
If H is unambiguous then G is unambiguous and

(S%ﬁ,LSEG,UGL(G),Of(ﬁ)GH) — oted.

Proof.

i) Let G —f|> H with H deterministic. Let us check that G is deterministic.
Let vs,tt € G. As f is a morphism, ¢ f(s), ¢ f(t) € H.
As H is deterministic, we have f(s) = f(¢).
As G is f-deterministic, we get s = t.
Let r % s and 7 - ¢.
G G
As f is a morphism, f(r) % f(s) and f(r) %) f ).
As H is deterministic, we have f(s) = f(t) hence s =t.

f
ii) Let G —> H with H unambiguous. Let us check that G is unambiguous.
Let sg =% s1...—% s, and to — t1...2 ¢, with ¢sg, tty, 08n, 0ty € G.
G G G G
As f is a morphism, we have
Flso) 5 Flsr). 2 f(sa) and fto) 25 F().. 5 f(ta)

with Lf(So), Lf(to), Of(Sn), Of(tn) €H.

As H is unambiguous, f(so) = f(to),. .., f(sn) = f(tn).

As G is f-deterministic and by induction on 0 < i <n, we get s; = ;.

Thus G is unambiguous.

iii) Let s “=2" ¢ with n>0,t5 € G, a;...a, € L(G) and o f(t) € H.
G

Let us check that ot € G.

There is sg — s1...—% 5, with sp = s and s, = t.
G G

As ay...a, € L(G), there exists to 5 t1...—% ¢, with ttg, ot, € G.

G G

As f is a morphism,



Fls0) 35 F(s1).. - fsn) and fto) 2 F(t1).. % F(t)

with ¢ f(s0), ¢ (t0)» 0 f(su), 0 /(1) € H.

As H is unambiguous, f(so) = f(to),. .., f(sn) = f(tn).

As G is f-deterministic, we get so = tg,...,Sp = tn. Thus ot = ot, € G.
Ul

A.b Inversion

Let us consider a reduction G 5 H between disjoint automata: Vg N Vg = (.
Let us define an automaton reducible to H, and accepting L(H) — L(G) for H
unambiguous. The inverse automaton is the following automaton :

Inv(G, f,H) = (G—0oVg)U{os¢G|of(s)eH}
U H-{:tf(s)|tseG}
U{s=qlfls)—aqgA-3t(s—tAft)=q}

This inversion is illustrated below (without specifying the vertices and the unique
morphism).

G: ¢_ao o 0 Inv(GfH): 4+ .9 <+ _,
g o DX
L a 0o a,b O a o a 0 a,bN\O a o
H . . . . . . . . .
L L
s s
o (o}

In this example, L(Inv(G, f, H)) = {e, a, ab, aaa, aba} = L(H)—L(G).

The automaton Inv(G, f, H) recognizes L(H) — L(G) when G I Hisa
deterministic reduction and H is unambiguous.

Lemma A.4 For Vg N Vg = 0, we have
¢ L = G, fH) "N g,

)

uId
G —f|> H = (G, f H) f—|>H H

and L(Inv(G, f,H)) = L(H) — L(G) for H unambiguous.

Proof.

i) Let G 5 H and fy = f U Idy. Let us check that Inv(G, f, H) I H.

Let s -~ t. We have the three complementary cases below.
Inv(G, f, H)

Case 1: s,t € Vg.

So s %t hence fr(s) = f(s) % f@&) = fu(t).
Case 2: s,t € Vpy.

So s % t hence fp(s)=s % t = ful(t).
Case 3:s€ Vg and t € V.



So f(s) % t. Thus fr(s) = f(s) % t= ful(t).

Let ¢s € Inv(G, f, H) with ¢ € {¢,0}.
Case 1:s€Vg. So cs€ G or ¢ f(s) € H. Thus ¢ fu(s) = cf(s) € H.
Case 2:s€Vp. So cs € H hence ¢ fry(s) = cs € H.

f f
ii) Let G —> H. Let us show that Inv(G, f, H) s H.

By (i), it remains to check that Inv(G, f, H) is fp-deterministic.
Let vs, et € Inv(G, f, H) with fy(s) = fu(t).
We have the complementary cases below.
Case 1: s,t€ Vg.
So ts,tte€G and f(s) = fu(s)= fu(t) = f(¢).
As G is f-deterministic, s = t.
Case 2:s€ Vg and t € V.
SovseGute Hand Vr (f(r)=t = 1r € G).
Furthermore f(s) = fu(s) = fu(t) =t.
Thus ¢s ¢ G. This contradiction means that Case 2 is not possible.
Case 83:s€Vy and t € Vg.
This case is symmetric to Case 2 hence is not possible.
Case 4 : s,t € Vpg.
Sovs,tt€ H and s= fu(s) = fu(t) =t.
Letr % sandr %  twith fg(s) = fu(t).

Inv(G, f, H) Inv(G, f, H)
We have s € Vg < tels.
In fact, assume that s € Vg and ¢t € V.
So r % s and f(s) = fu(s) = fu(t) =t
As r %t with r % s and f(s) =t,
Inv(G, f, H) e
we have a contradiction by definition of Inv(G, f, H).
It remains the two cases below.
Case 1:s,t€ Vg.
So s = fu(s) = fu(t) =t.
Case 2: s,t € Vg.
Sor%)s andr%t.
Furthermore f(s) = fu(s) = fu(t) = f(¢).
As G is f-deterministic, we get s =t.

iii) Let G —f(> H with H unambiguous.

Let us show that L(Inv(G, f, H)) = L(H) — L(G).

D: Let ay...a, € L(H) — L(G) for some n > 0 and aq,...,a, €T.
There is tg a—Hl> t1 ... a—:> t, with ¢tg, ot, € H.

Case 1 : Thereis no s € Vi such that ¢ts € G and f(s) =1.
So vty € Inv(G, f, H).

We have to —% t;... % t, with ttg, ot, € Inv(G, f, H).
Inv(G, f, H) Inv(G, f, H)

Hence ay...a, € L(Inv(G, f, H)).
Case 2 : There is so such that ¢tsgp € G and f(so) =to.



We take a maximal derivation sy —% s1 ... =2 s,
G G
such that 0 <m <n and f(s1) =t1,..., f(Sm) = tm.

a a
Thus sg —%  §1... % s,
Inv(G, f, H) Inv(G, f, H)

with ¢sg € Inv(G, f, H).
Case 2.1 :m =n.
As ay...a, € L(G), 0s, ¢ G. Furthermore o f(s,) = ot, € H.
So osy, € Inv(G, f,H) hence a;...a, € L(Inv(G, f, H)).
Case 2.2 : m < n.
By maximality of m, we have s, —5' tmg1 -

Inv(G, f, H)

a 1---Qm
Furthermore 41 ="t
Inv(G, f, H)

As ot, e Inv(G, f,H), we get a1...a, € L(Inv(G, f, H)).
C:Let ve L(Inv(G, f,H)). By (i), v € L(H).
Assume that u € L(G). There exists s,t such that s —*» ¢ with ¢s,0t € G.
G

So s % t with ts€Inv(G, f,H)and of(t) € H .

Inv(G, f, H)
fuld
As Tnv(G, f, H) ' H unambiguous and by Lemma A.3, ot € Inv(G, f, H).

This is a contradiction by definition of Inv(G, f, H).
Ol

A.c Synchronization product

Let us consider two reductions G —» H and &' 2 H.

We partially synchronize G and G’ by applying standard synchronization prod-
uct restricted to couple of vertices having the same morphic image. Precisely and
for

A = {(s,8) € VoxVa | f(s) = f'(s) }
we define the mapping
fxf'+ A — Vg by (fxf')(s,s') = f(s) for any (s,s') € A
and we define the synchronization product
GxppG = {(s,8) L (t,t') | s Dgt A s D t! A (s,8),(t,t)eA}
U {c(s,8)|cef,of NeseG A cs'eG A (s,8)e A}
The automaton Gxy G’ recognizes L(G) N L(G’) for H unambiguous.

Lemma A.5 We have )
GLHEANGLH = Gjpa 25 H
and L(GxypG') =L(G) N L(G") for H unambiguous,

! ,f/ ,f><f/
G—HANG —+vH — GXfy‘f/G —> H.

Proof.



Let G L5 H and G L5 H. We denote K = Gx 5 G
i) We have K C GxG' so K % 6«6’ ™ ¢ L5 H.
Hence K ™% H ie. K4 H.
Furthermore L(K) C L(GxG') = L(G) N L(G).
Let us prove the inverse inclusion using the hypothesis that H is unambiguous.
Let a;...a, € L(G) N L(G’) with n > 0 and ay,...,a, € T.
There exists accepting paths sg — 81 ... —% s, and s} —% s} ... 2% s/,
e} G el el

with ¢sg, 0s, € G and ¢ sj,, 0], € G'.

S0 £(50) 2 £(51) .- 25 f{sa) and £/(s5) 2 (1) ... 22 /()

with Lf(SO), Lfl(86), Of(Sn), Ofl(an> € H.
As H is unambiguous, f(so) = f'(s(),- .-, f(sn) = f'(s},). Furthermore

(50,80) % (s1,84) ... 2% (sn,s,) with ¢ (s0,5h),0(sn,5,) € GxG'.
GXaG! GxaG!
Thus (sg, 8h) — (51,87) - ..~ (sp, 80,) with ¢ (s0,85),0(sn,s),) € K.
K K

Finally aj...a, € L(K).
. 7 o
ii) Let G —> H and G’ —> H.

To show that K & H , it remains to check that K is (fxf’)-deterministic.
Let ¢ (s,8"), ¢ (t,t') € K with f(s) = f/(s") = f(t) = f'(t').
Sotvs,tt€Gand s, it €G.

As G (resp. G') is f (resp f')-deterministic, s =t (resp. s’ =t').

Let (r,7") %) (s,s") and (r,7") % (t,t') with f(s) = f'(s') = f(t) = f'(¥).
We have r%s A1 -2t and r’%s’ A T’%)t/.

G
As G (resp. G') is f (resp f')-deterministic, s =t (resp. s’ =t).
Ul



B Stability of binary relation sets

We introduce a condition of stability for any binary relation set R to get boolean
algebras by structural recognizability for F(R) (Theorem B.1). Then we give
a weaker stability condition to get boolean algebras by deterministic structural
recognizability (Theorem B.2). Finally we show that structural recognizabil-
ity coincide with deterministic structural recognizability for stable relation sets
(Proposition B.3).

B.a Strong stability

We say that a binary relation set R is stable if
a) R is closed under U, N, —, =1 o
b) for any R € R, the relation Idpomry = {(#,2) |z € Dom(R)} € R
¢) for any functional relation f € R, there exists R € R such that
e Dom(f) NDom(R) = 0,
e R(z) # R(2') for any = # 2’ € Dom(R),
e {R(x)|zeDom(R)} = {P#0 |3 zelm(f),PC f1(2) }.
The last condition (c) called subset adding is illustrated by the following pic-

ture and says that for any element z of Im(f) and any nonempty subset P of
f71(2), there exists a unique  of Dom(R) such that R(z) = P.

X
\R
7 ALY

X[/

z

Let us give some explanations on this stability condition on R. First this condi-
tion is on the vertices and edges of the automata in F(R) and not on the labels
of the accepting paths. Thus the closure under — of condition (a) allows to
remove vertices and edges and, of course, this does not correspond to the closure
under difference of recognized languages. Furthermore the adding condition (c)
allows to add vertices (memory) needed by determinization (exponential space
for finite automata) and also by synchronization product (quadratic space for
finite automata).

Under this condition of stability of R, the automaton family Autz)(H) is
closed under morphic determinization, inversion and synchronization product.

Theorem B.1 For any stable family R of binary relations and for any
unambiguous automaton H € F(R), the language family sRecrry(H) is a
boolean algebra with respect to L(H).



Proof.
i) Let G € F(R). Let us check that the identity

Idg = {(s,s8) | s€ Vg }

on the vertices of G isin R. As R is closed under U and ~!, the relation
R = UaeTG U {t,0} (%)) U UaeTG (%))71 € R.

By the stability condition (b), R is closed under domain identity, hence
Idg = Idpomr) € R.

ii) Let us show the following copy property:

for any G € F(R) there exists G’ € F(R)
and an isomorphism in R between G and G’ such that Vg N Vg = 0.

Let G € F(R). By (i), Idg € R.
By the subset adding property (stability condition ¢) applied to Idg, there
exists a relation S € R such that S(z) # S(a’) for any x # 2’ € Dom(S) and
Ve N Dom(S) =0 and { S(z) | z € Dom(S) } = {{s}]|se Vs }
So S is a bijection from Dom(S) to Vg .
We define the automaton G’ for any a € Tg U {¢,0} by
- = S.-5.81 e R
G’ G
Thus G’ € F(R) and G’ is isomorphic to G by S € R.
iii) Let us show the closure of sRecr(z)(H) under intersection.
Let G <5 H and ¢ 25 H with G,G' € F(R) and f, [ € R.
As H is unambiguous and by Lemma A.5,
L(Gxﬁf/Gl) = L(G) N L(G/).
By the copy property (ii), we can assume that Vg N Vg = 0.
By the subset adding property applied to f U f’, there exists S € R such that
S(xz) # S(a') for any z # 2’ € Dom(S)
{S(@)|z€Dom(S) } = {P#0|3IteVy (PC(fUFf)'(1)}
Let us restrict Dom(S) to its elements = such that S(z) has two vertices, one
of G (and the other of G'): |S(x) N Vg| = |S(x) N V| = 1.
This is realized by the following identity relation:
1 = IdDom(S) — [(S ° (f o f_l —Idg) o S_l) U (S o (flofl_l —Id¢gr) o S_l)]
So I € R that we use to define the following restriction of S

S=1.5¢€R.
Let G be the automaton defined for any a € Ty U {1,0} by
N Ny S N AN (G S
G G G’

Thus G € F(R). This is illustrated by the following picture:



So G B with G isomorphic to Gxy ¢G’.
Thus L(G) N L(G') = L(G) € sRecrr)(H).

iv) Let G 15 H with G € F(R) and f € R.

Let us show that there exists G’ € F(R) and f’ € R such that G’ Sy H and
G’ isomorphic to Det(G, f).
By the stability condition (c) applied to f, there exists S € R such that
S(z) # S(x') for any x # x’ € Dom(S)
{S(z) | z € Dom(S)} = IL
Let us construct an automaton G’ isomorphic to Det(G, f) such that
Ve € Dom(S) and G’ °25 H.
Let

So = S (ldg ——) and S

as illustrated below.

(Sofof™ot=s

(T)l
S1
f\\fl/ AN
Thus Sp,S1 € R hence

S =80f—(S9US)of €R
in such a way that Dom(S) is the set of initial vertices of G':

— = 1Id (§)€R.

G/
The o-transition of G’ is defined by
= = IdDom(S) N (S % S_l) € R.
' G

G

Dom

Finally for any a € T, we define

2y = So—>oS_
G/
_SOHO( o

foft=9)""
(S f e ) (5 )] S



which is illustrated below.

.___><———>-

s
=[S H (Sofof =97
. . f
\l
e
S s
S \ a s
T 7[(50%0f0f*1)7(80%)]08*1
: f .
1/

v) Let us show the closure of sRecz(g)(H) under complementation.

Let G 13 H with G € F(R) and f € R.
By the copy property (ii), we can assume that Vg N Vg = 0.
By (iv), we can assume that G is isomorphic to Det(G, f).
As H is unambiguous and by Lemmas A.2 and A .4,
L(Inv(G, f,H)) = L(H) — L(G).
Let us show that there exists g € R and K € F(R) isomorphic to Inv(G, f, H)
such that K -4 H.
We define such an automaton K of vertex set Vg U Vg as follows:

L= BUSU((fo2) — (%o f) forany a€ Ty
K G H H G

= S U(S>—f1te50f)

K G H G

= U (g = -2) N (f o220 f7)

K H G H

The construction of K from G s H is illustrated by the following picture:

G|>< newo |

l///

H a

L

So K € F(R) with K isomorphic to Inv(G, f, H).
Furthermore K -2+ H for ¢ = f U Idy € R.

Finally L(H) - L(G) = L(Inv(G, f,H)) = L(K) € F(R).
U



B.b Weak stability

To get boolean algebras by deterministic structural recognizability, we do not
need the determinization operation. In fact the closure of dsReczz)(H) under
complementation and intersection are obtained by closure of the automaton fam-

ily
f
dAutrry(H) = {GeFR) |3 feR(G—H)}
under inversion and synchronization product. We only need a weaker condition
than stability on R.

We say that R is weakly stable if in the stability condition, we replace the subset
adding property (condition c) by the following pair adding property:

for any functional relation f € R, there exists R € R such that
e Dom(f) N Dom(R) = ()
e R(z) # R(a’) for any = # 2’ € Dom(R)

o { R(z) | x € Dom(R) } = {{y,f(y)} | y € Dom(f) }.

The pair adding condition allows to add vertices needed for the synchronization
product (quadratic space for finite automata) and also for the inversion (lin-
ear space for finite automata). Under this condition of weak stability of R, the
automaton family dAutzg)(H) is closed under (morphic) inversion and syn-
chronization product.

Theorem B.2 For any weakly stable family R of binary relations and for
any unambiguous automaton H € F(R), the language family dsRecrr)(H)
is a boolean algebra with respect to L(H).

Proof.

This is a simplification of the proof of Theorem B.1.

The part (i) remains valid for a weakly stable family, and also (ii) since the pair
adding property applied to Idg is sufficient.

The closure under intersection of (iii) remains true by Lemma A.5 and by ap-
plying directly the pair adding property to f o f/~ L.

The part (iv) is useless. The closure under complementation of (v) remains true
by the second implication of Lemma A.4.

O

B.c Strong and weak stability

The deterministic structural recognizability coincides with structural recogniz-
ability for any stable relation family.



Proposition B.3 For any stable family R and any automaton H € F(R),
dsRecr(r)(H) = sRecrr)(H).

Proof.
By definition dsReczr)(H) C sRecr(r)(H). Let us show the inverse inclusion.
Let L € sRecrr)(H).

So L =L(G) for some G Sy 0 with G € F(R) and f € R.
By (iv) of the proof of Theorem B.1, there exists G’ € F(R) and f’ € R such
that

¢ I H and ¢ is isomorphic to Det(G, f).

By Lemma A.2, @’ o H with L(G') = L(Det(G, f)) = L(G).
Hence L = L(G') € dsRecgr)(H).
O

C Proof of Theorem 2

By Theorem B.1, we get Theorem 2 by proving the stability of the families
Stack(m,n) and Count(m,n) for each m,n > 0.

The stability of the families Stack(m,n) are already known for m = 1 except
for the subset adding property. First, we show that for all these families, the
subset adding property coincides with the pair adding which is easy to check.
Then for each n > 1, we translate by desynchronization product the closure
properties of Stack(l,n) to Stack(m,n) for any m > 1.

C.a From pair adding to subset adding

Having a linear order <y on a set N of symbols, recall that the length lexico-
graphic order <jj., on the set N* of words over N is the linear order defined
for any a,b € N and u,v,w € N* by

U <jyeg v for Ju| < |v] ; wav <jey ubw for a <y b and |v| = |w|.
This order is extended to the set (N*)* of non empty word tuples as follows:
for any m,n >0 and wu1,...,Upm,V1,...,0, € N¥,

(U, -y Um) <ttex (V1,0 0n) fOr wi#t... #Up <jlex VI#...#Up

where the symbol # € N and # < a for any a € N.

Weak stability of a family R of binary relations on (N*)T coincides with sta-
bility when the relations of R are bounded and R is closed under intersection
with <jeq -

Proposition C.1 Let R be a weakly stable family of bounded relations on
(N*)t which is closed under intersection with <ie,. Then R is stable.



Proof.
We have to show that R satisfies the subset adding property.

i) Let us extend the pair adding property to any not functional relation of R.
Let R € R. Let us show that there exists S € R such that

Dom(R) N Dom(S) =0 and S(z)# S(z') for any = # 2’ € Dom(S)
and { S(z) | z€Dom(S) } = {{y.2} |yR=z }.
As R is bounded, we take the integer
b = max{ |R(z)| | x € Dom(R) }.
Let us check that for any 1 <4 < b, the function
fi={(l@y) eR|{2<usylz€R(x)} =i} €R.
This is done by strong induction on 1 <17 < b.
Basic case: i =1. So

fi = R — (R o <llez> = R-—-—R. [(R71 ° R)ﬁ <llex] eER.

Inductive case: {1,...,i—1} = (i >1).

So f; is the function of the basic case for R — (f1U...U fi—_1).

It remains to take

S = S5 U...US5

for Sy,...,S, defined by induction as follows:

i =1: we take S; by pair adding from f; .

i > 1: having taken Sy, ...,S;—1 with Dom(S), Dom(S;),...,Dom(S;_1) pairwise

disjoint, we take S; by pair adding from f; U Idpom(s, u..us,_,), and we define

S; = S; - (SZ ° IdDom(51 U.,.USF1))'

ii) Let R € R and b= max{ |[R7!(2)| | z € Im(R) }.

Let us show the subset adding property for R: there exists S € R such that
Dom(R) N Dom(S) =0 and S(z)# S(z') for any = # 2’ € Dom(S)
and { S(z) |z €Dom(S)} = {P#0|3z€Im(R), PC R (z2) }.

Let R = (R o R_l)ﬂ <llex -

The single adding is realized by S; € R taken by extended pair adding (i) from

IdDom(R)-

Let R; = (). By induction on 1 <4 < b, we define

Ri = [Sic1 = (Sic1 o R o R
and like in (i), we take S; by extended pair adding (i) from R; Uldpom(s, u...us,_1)s
and we define

S; = SZ{ - (Sé ° IdDom(51 U...u Si,l))-
Pliilnally we take S = S; U...US,.

Proposition C.1 is used to show the subset adding property for any family
Stack(m,n) by only checking the pair adding property.



C.b Stability

Let us show the stability of each family Stack(m,n). The stability of Count(m,n)
is similar. We begin with m =n = 1.

Proposition C.2 The family Stack is stable.

Proof.
The proof of stability condition (a) has already been done in [3]. However we
give here a complete proof.

i) We say that two words u,v are left-irreducible if

u=e Vov=e¢V (h,v#e A u(l)#0v(l))
meaning that they cannot have a first common letter. By taking the greatest
common prefix z of any words wu, v, we have the unique decomposition

u=zx N v=zy for x,y left-irreducible.
In that case and for any language W,
W(u,v) = Wz(x,y)
meaning that any couple (wu,wv) for w € W is obtained by applying by suffix

the rule (z,y) under the left context wz. This is illustrated by the unlabelled
arrow in the following Alph(W U {u,v})-tree:

W (u,v) :

weW

(u,v) = z(z,y) with z,y left-irreducible

We say that a system R is left-irreducible if w,v are left-irreducible for any
(u,v) € R. For any left-irreducible systems R,S and for any languages W, Z,
let us show the following equalities:

WRNZS = (WnZ).(RNS) (1)
WR—-Z2S = W-2Z)RU (WnZ)R-S5) (2)
W.R . 2.5 = U{ Ww™tnZ)(wu,y) | (u,v) € R A (wv,y) €S}
ULV A Z2 ), 2y) | (w22) R A (my) €S} (3)
ii) Let us check Equality (1) for R and S left-irreducible.

D: obvious and for any relations R, .S.

C:let w(u,v) = 2z(z,y) with we W, z€ Z, (u,v) € R and (z,y) € S.

So wu = zx and wv = zy.

We distinguish the three complementary cases below.
Case 1: |w| < |z|. Thus u(1) = z(jlw| + 1) = v(1).

C



Such a case is not possible since u,v are left-irreducible.
Case 2: |w| > |z|. Thus z(1) = w(|z] + 1) = y(1).
Such a case is not possible since x,y are left-irreducible.
Case 3: |w| = |z|. Thus w=z€ WNZ and (u,v) = (x,y) € RNS.
iii) Let us check Equality (2) for R and S left-irreducible. We have
WR = [(WNnZ)u (W-2)].R
= WnZ).RU (W-2).R
= WnNnZ).(RNS)U(R-S5)] U (W-2).R
= Wn2Z)(RNnS)uUu WnZ)(R-S)U W —-2).R
which is by (i) a partition of W.R.
Furthermore by (i), Z.5 is disjoint of (W NZ).(R—S) U (W — Z).R.
As (WnNZ).(RNS) C Z.5, we get Equality (2).

iv) Let us check Equality (3) for any relations R, S.

C:Let weW,z€eZ, (u,v) € R and (z,y) € S such that wv = zz.

We have to check that (wu,zy) belongs to the right hand side of Equality (3).
We distinguish the two cases below.

Case 1: |w| > |z]|.

By Levi’s lemma, there exists w such that w = zw and x = wwv.

So (wu,zy) = z(wu,y) with z € Ww'NZ, (u,v) € R and (wv,y) € S.
Case 2: |w| < |z].

By Levi’s lemma, there exists z such that z = wz and v = Zzz.

So (wu,zy) = w(u,zy) with we WnNZz™ !, (u,zz) € R and (z,y) € S.
2: Due to the union of the set of the right hand side of Equality (3), we have
the two cases below.

Case 1: Let z € Ww™'NnZ, (u,v) € R and (wv,y) € S.

As zw e W, we get (zwu, zwv) € W.R.

As z € Z, we get (zwv,zy) € Z.S hence (zwu,zy) € W.R . Z.S.
Case 2: Let we WNZz7L, (u,zx) € R and (x,y) € S.

As we W, we get (wu,wzz) € W.R.

As wz € Z, we get (wzx,wzy) € Z.S hence (wu,wzy) € W.R . Z.S.

v) We can show the stability of the binary relation family Stack.

By definition, the family Stack is closed under U.

Equalities (1-3) give the closure under N, —, =1, for the family of elementary
suffix relations. In fact for {(u,v), (x,y)} left-irreducible and for languages
W, Z, we get



WnZ)(uv) if (u,v) = (z,y)
otherwise

(W = Z)(u,v) if (u,0) = (2,y)
W (u,v) otherwise

W(u,v) N Z(x,y) =

—N
=

W(u,v) — Z(z,y) =

—N

(Ww— ﬂZ)(wu y) if z=wv
WnNZz"Yu,zy) ifv=zz
0 otherwise.

W(u,v) o Z(z,y) =

Furthermore
(W(u,v)™" = W(v,u).
It follows the closure under N, —, ~!, o of Stack.
In fact consider any suffix relations R, S':
R = U, Wiluv) and S = Uj_, Zj(x),y;)
for some p,q > 0 with for any 1 < ¢ < p, W; is regular and wu;,v; are left-
irreducible, and for any 1 < j <gq, Z; is regular and x;,y; are left-irreducible.
Thus

RNS
R -8 = U;N; Wilui,vi) = Zj(xj,y) 5 R = U (Wilui,vi))
Idpomry = Ub_y Wilus, us)
It remains to check the closure of Stack under subset adding. Note that
RO <pex = U{ Wilui,vi) [ 1<i<p A wi <prex i }-
By Proposition C.1, it remains to check the weak stability property.
As the family of elementary suffix relations is closed under N and —, we can
assume that (Wi (ug, Ui))lgigp is a partition of R i.e.
Wi(ui,vi) N Wj(’dj,?)j) =0 forany 1 <i<j<p.
We take p new symbols &i,...,&, and a relation S satisfying the pair adding
property for R is the following:
S = Ui Wilki,ui) U Uiy Wil vi)
which is a relation of Stack.

O

% —_—N—
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Let us translate the stability of Stack(1l,1) to Stack(m,1) for every m > 1.

Proposition C.3 The family Stack(m,1) is stable for each m > 1.

Proof.
We restrict the proof to m = 2 since the generalization to any m > 2 is simple.
Recall that a relation of Stack(2,1) is a finite union of elementary relations of
the form

(W1, W2) ((u1,u2) — (vi,v2))

= { (wlul,wgug) — (’wl’Ul,’wg’Ug) | w1 € Wi A wy € Wo }

Uiy Wilwi,vi)) 0 Zj(zj,y;) 3 Ro S = U, ; Wilwi,vi) o Zj(2j,y;)



with Wy, Wy € Reg(N*) and wuq,ug,v1,v2 € N*.
The translation of the stability of Stack(1l,1) to Stack(2,1) is done by the fol-
lowing operation:
(u,v)® (z,y) = ((u,z), (v,y)) for any u,v,z,y € N*
that we extend by union to any binary relations R,S on N* to get the following
binary relation RS on N*xN*:
ReS = { ((u,z), (v,y)) |[uRv A xSy }.
We have the following equalities:
(W1, Wa) ((u1,u2) — (v1,02))
(ReS) N (R =)
(ReS) — (R'e9)
(ReS). (RS
Let us check the first equality.

= Wl(u1—>v1)®W2(uQ—>v2)
(RNR)e(SNY
(R-—R)eSURe(S—-29)
= (R.R) e (S.5)

Wl(ul — ’Ul) ® WQ(UQ — ’Ug)
= { (wur,wiv1) | wr € Wi } o { (waug, wavs) | we € Wy }
= { (wiuy, waus) — (wyv1,wove) | w1 € Wi A wy € Wy }
= (Wh,Wa) ((u1,uz) — (v1,v2)).
Let us check the second equality.
(ReS) N (R 95"
= {((w,2), (v,y)) |[uRv A zSy } N {((w,z), (v,y)) [uR'v A x5y}
{ ((u,2), (v,9)) | (wu,v) ERN R A (z,y)eSNS}
= (RNR)e(SNJS).
Let us check the third equality.
(ReS) — (R'eS’)

= {((w,2), (v,y)) |[uRv A zSy} — {((v,2), (v,y)) [uR' v A 25y}
= {((uax)a(vay))|UR_Rlv /\xSy}
U { ((u,2), (v,y)) | uRv AN S-S5y}

= (R-R)eSURe(S-95.
Let us check the last equality.
(ReS). (RS
= (), (0,9) [uRo A 25y }o{ ((0,), (,2)) | vRw A yS'z}
{((u,2), (w,2)) |[luR-c Rw N zS.5z}
= (RoR)w (S.9).
These four equalities permit to translate the closure under N, —, o of Stack(1,1)
to Stack(2,1).
For the other stability closure properties, consider any relation R of Stack(2,1):
R = (Wza Wy ) ((uh z) — (Uiavg))
with for any 1 <1 §p, WZ,Wi € Reg(N*) and u;, u},v;,v; € N*. So
R™Y = UL (W], W3) ((uf, wi) — (v, i)



and
Idpom(ry = Uj—1 (Wi, W) ((us, wf) — (uy,uj))

RN <llex
= U{ W5 W3) (i) — (vj,00)) [ 1<d<p A (uiyug) <utea (03,07) }
and by Proposition C.1, it remains to check the closure under pair adding.
By the closure under N and —, we can assume that

((Wi/5 WZ) ((u;, ul) — (vz/'a UZ))) 1<i<p
We take p new symbols &1,...,&, and a relation S satisfying the pair adding
property for R is the following:
S = Ui Wi, W (&4, &) — (uiy 1) ) U Uiy Wi, W) (&4, &4) — (v, v7) )
which is a relation of Stack(2,1).
U

is a partition of R.

For any n > 2, the closure of Stack(1l,n) under N, —, o (and the iteration of
o) has been done in [2] and its extension to Stack(m,n) for any m > 1 is given
by the equalities in the proof of Proposition C.3. By Proposition C.1, the subset
adding property follows from the pair adding property.

D Proof of Theorems 3 and 4

By Theorem B.2, we get Theorems 3 and 4 by proving the weak stability of
the family Sync of synchronized (rational) relations and its subfamily bSync
of bounded difference length synchronized relations.

Proposition D.1 The families Sync and bSync are weakly stable.

Proof.
Recall that a synchronized relation is a finite union of elementary synchronized
relations of the form:

R(U,V) with R € Reg((NxN)*) and U,V € Reg(N*).
Such an elementary relation is in normal form if
U=V={e}) or (U={e}NegV)or (V={c} ANeglU).
i) Let us check that any synchronized relation is a finite union of elementary
synchronized relations in normal form.

It is sufficient to check it for UxV with U,V € Reg(N*).
The relation accepted by an automaton C labelled in NxN is

R(C) = { (a1...an,b1...b,) | n >0 A (a1,b1)...(an,bn) € L(C) }.

Given finite automata A and B recognizing respectively U and V', we define
the finite automaton

C={s N @nlp-Sans5t}U{ips)|ipeANiseB}



For any p € V4 and s € Vy,, we define the automata
Ay = (A—{}xVa) U {ep} and B, = (B —{t}xVp) U {ts}
Cps = C U {0(ps)}.
This allows to describe the following decomposition of UxV :
UxV = Uypeaose s R(Cps){e} {2])
U UopeA,seVB R(Cp,s)({e}, L(Bs) — {e})
U Upeva,ose 5 RCua)(L(A,) — {<}. {e})
as a finite union of elementary synchronized relations in normal form.
ii) Let us check the closure of Sync under N and —.
By definition Sync is closed under U and by distributivity, it remains to
check the closure under N and — for elementary synchronized relations in
normal form. In that case,
) = (RNS)UNV,e)
) = 0 = RUe) NS
) = (R=95)(U,e) URU-V,e)
) R(U,e) = R(U,e) — S
iii) Let us check the closure of Sync under .. We have
R(U, V). S(X,Y) = (R(s, VXY, S)(U,Y) U (Ro S(XV_l,s))(U, Y)
Furthermore
R(Ea U) oS = UuEU UzeN\u\ (R © S(ua Z)_l)(ga Z)
which can be described by a finite union since the length-preserving synchro-
nized relation S has a finite number of (right) residuals, and

{ (W,2) | S(u,2)™! = S/,2)7" }
is a length-preserving synchronized relation.

iv) Let us check the weak stability conditions (b) and (c) for Sync.
The closure under inverse is obvious:

(RW, V)" = RT(V,0)
and also the closure under domain identity:
ldpom(rw,v)) = Idpom(r).U -
v) It remains to show the pair adding property for any R € Sync.
Let Npg be the subset of symbols of N used in R.
We take an injective mapping
P : (NR @] {E})X(NR @] {E}) — N — Npg
that we extend to an injective mapping NjxNj, — (N — Ng)* by induction
as follows: for any u,v € Nj and a,b € Ny,

@(au’ bv) = @(a’ b)‘P(ua v)

@(au’{f) = @(G’E)@(U’E)
@(Eabv) = (p(E,b)gD(E,’U)
ple,e) = ¢



It remains to check that
S = {(p(u,v),u) [uRv} U {(p(u,v),v) |uRv}

is a relation in Sync.

The relation R is recognized by a synchronized transducer A i.e. a finite

automaton labelled in (NpxNg) U (Ngx{e}) U ({e}xNg) such that for any
(a,b)

a,b
p—4q
A

Let A; (resp. Az2) be the automaton obtained from A by renaming each label

(a,b) by (p(a,b),a) [resp. (¢(a,b),b)]. Then
S = R(Al) U R(Ag) S S‘ync.

vi) Note that the bounded length difference property is preserved by U, [ ], —, o,
Furthermore in (v) and for R of difference length bounded by b, the relation S
is also of difference length bounded by b since |¢(u,v)| = max{|ul,|v|}.

In consequence the relation subfamily bSync remains weakly stable.

(]

(ed) r, if a =¢ (resp. b =¢) then ¢ =¢ (resp. d = ¢).
A

E Proof of Propositions 5.1

This proposition is based on the length recognizability. Recall that for any family
R of binary relations on words, the length recognizability from an automaton
H with word vertices, is the following language family:

(Recrry(H) = {L(G) |3 f (G 5 H A [ length-preserving) }.
The length structural recognizability from H according to R is

lsRecrry(H) = {L(G) |3 feR (G o H A f length-preserving) }
the recognizability by morphisms in R preserving the length.

For the family bSync of binary relations on words, structural recognizability
can be done by length preserving morphisms.

Proposition E.1 For any automaton H with Vi C NT,
sRecr(bsyne)(H) = €sRecrpsync) (H)-
Proof.
D : immediate.
C: Let L € sRecrpsyne)(H).
There is a reduction G %5 H such that G € F(bSync), f € bSync, L = L(G).
As f € bSync which is closed under U, N, — we can express [ by a disjoint
union of elementary synchronized relations of bounded length difference:
=W filui — )

where for any 1 < i <mn, f; € Reg((NxN)*) functional, u; € N* and v; € NT.
We take n new symbols p1,...,p, and we define the relation



9 = Ui Tdpom(s) (i — [1171py).
So g € bSync and Dom(g) = Dom(f) = V¢ .
Let us check that this relation ¢ is functional and injective. Let

1pi>a (ZL' jUg, T _]|‘U]‘ ! j) €g
with 1 <i,j <n, ; € Dom(f;) and z; € Dom(f;). We have to prove
that

[vi|—

(ziui; T

|’U7;‘ 1

— ! _ v 1
Tiu; = Thu; = w3 Di x|‘]‘ Dj -

J

Assume that z;u; = z;u] So

(@iui, f(wiwi)) = (2juy, f(@fu;)) € fi-(ui,vi) O f-(uj,05).

vi|—1 —_ v =1,
fosl=1p, = g [los1=1p;

Thus ¢ = j hence u; =u; and x; = x’. So x;
Assume that a;|!V¢l=1p; = l Hlval= 1pj.
So p; = p; hence i =j. Thus v; =v; and x; = 7. So ziu; = Tju,.
So G is isomorphic to the automaton
9(G) = {g(s) 5 glt) [ st} U {cgls) | eseC ).
Furthermore g¢(G) € F(bSync) since for any a € Tyg) U{t,0} = Tg U{s,0},
2 = g_1 o i> o (.
g(G)
For f/ = o f, we have
9(G) S H and f" € bSync is length-preserving.

Thus L = L(G) = L(g(G)) € sRecrbsyne) (H).

(]

We characterize the family Idlgync(?) of input-driven synchronized lan-

guages by structural recognizibility from the input-driven automaton Inp, ; (?)
according to the family F(bSync) of bounded length difference synchronized
automata.

PROPOSITION 5.1 For any partition ?,
SReC}-(bSynC) (Inpl,l(?)) = IdlSync(?)-

Proof.
For Inp, ;, the partition has three parts: T = (T_1,To, T1).

> Let L € Idlsyno(T).
So L = L(GQ) for some automaton G with Vg C N such that

%5 € Sync for any a € Tg U {1,0}
G
and for any u —— v, we have |ul, [v| > 0 with
G

(Jv] = |u| +i for a € T;) and (Ju| =|v|=1 for a =1).



In particular G € F(bSync).
Furthermore the length preserving mapping f: Vg — [*k i.e.

f(u) = M=% for any u € Vg
is a morphism from G into Inplyl(?): G- Inplﬁl(?).
As Vg is a regular language, f € bSync.
Thus L = L(G) € sRecr(nsyne)(Inpy 1 (T'))-

ii) Let L € sRecx(bsyne) (Inpy  (1).

By Lemma E.1, L € fsRecr(bsync) (Inpl,l(?)).

So L = L(G) for some G 1, Inplﬁl(?) such that
G € F(bSync) and f length-preserving.

So G is input-driven for bSync hence L € Idlsync(?).
O

F Proof of Proposition 3.1

We consider the language

L = {a"cb™a™d...cb™a™d | n k>0 AN 0<ng,....,ng<n
ANd1l< i<:j S;k, ni::Th'}.

It is easy to check that

L € (Recx(suaa) (Inp15({0}, 0. {a}. {d}, {c}).

We take the alphabet
N ={[ftuQ

where |, 1 are the two stack letters and @ is a finite set of states.
Taking states p,q,r,s,t, f € Q, we define a stack of stack automaton for having

the following derivations:
am+n+1

p “— ™M = ()
with
(o, ey e (P e for any 0<i < mtn 1
and
prntlgntlge
(1 e = (s s
From state s, these two last derivations are repeated by
(], [ fm)s 80 (s for any 0 <i < mAn+1
and

(jm[n, [mmys PTIET e ey (g, e



Finally it remains to realize the following derivations:
(™, [t S g forany 0< i < mbn+ 1.
The unique initial configuration is p and the set of final configurations is [*|*f.

It remains to show that the complement L of L satisfies

L g EReC}-(Stackg) (Inpl,Q({b}a @a {a}a {d}a {C}))
Assume the converse hence the language
M = {a*cb™a™d...cb™a™d |n,k>0 AN 0<ny,...,np<n

belongs to EReC]—'(Stackg) (Inp1,2({b}a (Z)a {a}a {d}a {C}))
So there is a stack of stack automaton G recognizing L(G) = M and length-

reducible to Inp, »({b}, 0, {a}, {d},{c}).
Let N be the alphabet of the configurations of G' and

Op=NUNU{£%!7).
For any a € T U {¢, 0}, we have

- = Uiela [Wi(ug,vf) ]

197 7
G

for some finite set I, and for each i € I,, W € Reg(Op*) and uf,vd € Op*.
So

?&7 == ?ﬁ? for some ¢ € I, .
G G
Let
B = max{ |[u¢|+|v¢| |aeTU{t,0} Ni€l,}

be the maximal length of the rules defining the labelled transitions of G.
We decompose any word u € N* into

u = Pre(u).Suf(u) with [Suf(w)| = min(Jul,3).
Note that
3 HUDF 5 3y
and
F(NUR)
(xov--.,ffk) # i>) * 7 = 7 = (an-'kafQ;ykflayk)
with zp_1 =z and yr—1 = yx of same prefix of length max(|zk|, |yx|) — -

In particular we get for any u,v € N* and n > 0,

cb™a™d
LN

= (|u| = |v| A Pre(u) = Pre(v)).
Let v = |[N|? and a”cb™a™d...cb"a™d € M.
There exists an accepting path of G of the form

g b1 "1 d bV a" v d .
u 2 oy TS T vy with tu,ov, € G.



As |vg| = ... =|vy| and Pre(vg) = ... = Pre(v,), there exists 0 <i < j <~
such that v; = v;. Thus

a” eb™a™d...cbia™dcebvi+raitd . . eb™a™d € M

which brings a contradiction since the factor ¢b™ a"id appears twice.

O



