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Muller condition and fairness on multitransition systems

Douadi Mihoubi

ABSTRACT

This paper presents an extension of a result by Guessarian and Niar to the framework of
multitransition systems. In the case of a single process, Guessarian and Niar had shown that the
set of fair computations of regular SCCS processes coincides with the class of e-free w-regular
languages. Here, in the case of multitransition systems, we show essentially that the sets of fair
computations on multitransition systems are strictly included in the class of e-free w-regular
N-languages. The inclusions of these fair sets into the class of e-free w-regular N-languages are
obtained by showing that the strict (respectively weak, strong) fair condition can be simulated
by the Muller acceptance condition on multitransition systems. The strictness of the inclusions
is obtained by exhibiting two counter-examples showing that the reverse is false, that is, not
every w-regular N-language is the set of fair computations of some multitransition system.

1. Introduction

This paper is an extension of a result in Guessarian and Niar [4], proving that the set of
fair computations of regular SCCS processes coincides with e-free w-regular languages. These
results are obtained using so-called Muller T-automata, with infinitary transitions instead of
infinitary states, which still recognize the class of w-regular languages. This paper is focused to
extend these results to the framework of multitransition systems defined by Arnold and Nivat.
We show essentially the following results.

(1) The sets of fair computations of multitransition systems are included in the class of
e-free w-regular N-languages, which extends the result for the case of a single process.

(2) Contrary to the case of a single process, fair computations do not capture all e-free

w-regular N-languages. This result is obtained by exhibiting two counter-examples proving the
strictness of the inclusions.
The paper is organized as follows. Basic notions and preliminaries on infinitary languages are
presented in Section 2. After that, Section 3 is devoted to the definitions of fair conditions and
the main result obtained by Guessarian and Niar on regular SCCS processes. The main results
of this paper are given in Section 4. Finally, Section 5 is reserved for a concluding remark and an
open question about the properties that a language from the class e-free w-regular N-languages
must satisfy in order to be the set of fair computations of some multitransition system.

2. Preliminaries

Let X be a finite set of symbols which we call actions. A finite word over X is a finite sequence
w= (a1, as, . . ., a,) of elements of ¥ denoted by the concatenation w = ajas . . . a,. The integer
n = |w| is the length of the word w. The empty sequence () of length 0 is called the empty
word and is denoted by €. The set ¥* of all words over X equipped with the operation of
concatenation defined by
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has the structure of a monoid with the empty word ¢ as a neutral element, called the free
monoid on ¥. A language over X is any subset of ¥*, which permits us naturally to use the
Boolean operations over the set of languages p(%*). The concatenation product of ¥* may be
extended to p(X*) by defining AB = {ab/a € A,be B} for A, B in p(3*).

We write N ={1,2,...}. An infinite word over ¥ is an infinite sequence u: Nt — ¥. We
denote by u[n] the finite word u(1)u(2) . . . u(n) representing the initial segment of u of length n.
We denote by 3¢ the set of infinite words over the alphabet 3. We let %°° = ¥* U X% be the
set of finite or infinite words on X.

The concatenation product of ¥* is extended to ¥X°° by the following two rules.

(1) If f € ¥* and v € X, the product fu € X¢ is defined by

_J f(n) for all 1 <n <|f],
Juln) = {u(n— [f]) for all n>|f]|.

(2) f ue X¢ and a € £°°, then ua = u.

With this product, the set ¥°° has a structure of a monoid with the empty word € as a neutral
element. We call any subset L of ¥* a language, any subset L of ¥X“ an w-language and any
subset of 3°° an infinitary language.

A word € X% is a left factor of a word o € ¥°°, denoted by ( < «, if there exists v € X
such that o = 8. The relation < is a partial order on %° called the prefix ordering. We denote
by LF(«) the set of finite left factors of oo € ¥°.

Hence,

LF(a)={g9/9<a} ifaeX"
and
LF (o) ={an]/ne N} if a € X

For any L C ¥°°, we let LF(L) = {LF(a)/« € L} denote the set of left factors of words in L.
The adherence of L C ¥*° is defined by

Adh(L) = {a € ¥ /LF(a) C LF(L)}

and L is said to be closed if Adh(L) C L.

Given an increasing prefix ordering sequence ug < u; < ... < U, < ... of elements u; € X,
there exists a unique element « =lim,,_, o u, such that k =|u,| and alk] =u,. Then a=
un € X* if, for all i > n, we have u;411 = u; or o € £¢. For any language A C ¥*, we denote the
infinite iteration of A by

AY = {u eX¥/u= Hui, with u; € A — {e}, for all i € N+}.
i>1
If A={e}, then A“ = {5i>
We define the closure A of A by
A =lim A= {u € ¥ /for infinitely many n, we have u[n] € A}.

In other words, = € A if there is an increasing prefix ordering sequence (a,)nen of words in A
such that z =lim,,__. o ay,.

A set A C X* is called prefix if, for all words z,y in A, if z <y, then x = y. In other words,
the set A satisfies A(X* — {e¢}) N A=02.

EXAMPLE 1. For the set X = ba* over ¥ = {q, b}, we have X* = (ba*)* and X = ba®. The
set Y = a*b is prefix. On the contrary, the set X = ba* is not.
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3. SCCS processes and fairness

A process is any entity capable of performing computations. For more notions on models of
computation, see [3]. When dealing with interacting systems (concurrent or distributed), the
notion of fairness is an important concept which allows for example each process, waiting for
a shared resource with other processes, to make progress in its computation. Three kinds of
fairness have been studied in [4] by Guessarian and Niar on Milner’s SCCS processes. We recall
shortly Milner’s calculus SCCS and main results obtained by these authors, showing that any
e-free w-regular language is the language of (weakly, strongly or strictly) fair computation of
some strict SCCS process, and vice versa.

DEFINITION 1. An SCCS expression E is defined by the normal form scheme
E:=2/Nil/a: E/E| B/E+ F/E x Fjrec T - F,

where Act = (4, -, —, 1) is a non-trivial commutative group of actions with 1 the unit action of
the group representing an internal action (the unit action 1 results from a synchronization aa
or a delay of one time unit with a € A), A is a finite set of actions and co-actions (actions
and co-actions represent two complementary interactions between two processes), B is a
subset of A, E, F are SCCS expressions and Nil is the inaction process. The operators +, X
represent respectively the non-deterministic choice and synchronous product of two processes
that perform an action simultaneously. The notation E | B is the restriction of process E to
the actions of B and a : E is the prefixing of F by the action a. Finally, x is a member of the set
Var of variables and rec 7 - F denotes the solution of the equations z; = F; for i=1,...,n
(the recursion operator is for us to be able to define processes with possibly infinite runs).

The algebra of SCCS processes is also equipped with the delay operator d defined by
0FE =recx - (1: 2+ E), which is the process that can either delay or behaves as E. Any process
in SCCS is defined by only one equation. A component of the process E is any factor of a
synchronous product x (for instance, the components of E = p; X (p2 + p3) are exactly p; and
(p1 + p2)). A process is said to be active if and only if it performs an action different from the
delay 1. A process E is said to be strict if all its subprocesses of the form rec z - F' contain
neither occurrences of the synchronous product x nor unguarded variables within F'. Recall
that a synchronous product p X ¢ cannot perform an action unless both p and ¢ perform an
action simultaneously.

ExamPLE 2. Let Act= ({a,a,b,b,},-,—, 1); then g=recz-d(a:x+b:2) is an SCCS
process with behaviour ¢(q) = (a + b)

DEFINITION 2. A computation of a process E is strictly fair (respectively strongly fair or
weakly fair) if and only if every component of E (respectively any component which is infinitely
often or continuously enabled from some point on) shall eventually be active.

THEOREM 1 (Guessarian and Niar [4]). Any e-free infinitary language L is the language of
(weakly, strongly or strictly) fair computations of some strict SCCS process, and vice versa.

4. Fairness and systems of N-processes

In this section, we will formulate the definitions of fair computations described above in terms
of a system of N-processes in order to study their behaviours according to these concepts as
conditions of acceptance. The modelling of concurrent processes used here was introduced in [1]
by Arnold and Nivat, which is based on regular infinitary languages. Each process is defined
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by its set of finite and infinite behaviours, and is modelled using an extended finite automaton
to finite and infinite words. The parallelization of a collection of N-processes (F;)i=1,.. n is
modelled by a concurrent automaton: the cartesian product of the automaton associated to
each process P;, called a multitransition system.

DEFINITION 3. A system of N-processes is a fourtuple
S = (Q? E? vec qO’ T)’

where:

(1) Q=Q1 X Q2 X ... X Q; X ...X Qp is a finite set of states, with @; the set of states of
the ith process;

(2) vec Go = (Qyys Gogs - - s Qos» - - - » don ) 1S the start vector state of S with g,, the start state
of the ith process;

B) =1 U{e}) x (B2U{e}) x...x (Z;U{e}) x...x (ExyU{e}) is a finite set of
actions of S, with X; the set of actions of the ith process;

(4) TCQ x X xQ is a finite set of transitions of S.

For each i € {1, ..., N}, the set of states Q; of the ith process is finite.
A transition of the system S is an element of @ x ¥ x Q. The action performed during one
transition will be an element @ of ¥ with
—
Y=CU{e}) x (Bau{e}) x...x(Z;U{e}) x...x (ZNU{a})—(e)N,
such that, foralli=1,..., N,
() = ¢ if the process p; is inactive during this interval time,
! " | the action of ¥; executed by p; otherwise

where TI; denotes the projection on the ith component of the vector @ € %. The system
S considered here is proper, that is, (Q x € x Q)NT =0, where € = (c,¢,...,¢) is the
N-empty word which represents the inaction of all N-processes in the same time.

NotAaTION. To simplify, we denote by vec g; the vector state (¢;1, gj2, - - ., ¢;n) and by a_;-
the vector action (aj1, ajo, ..., a;N).
Let
ay a3 a;
p=Vecq, —— vecq —— Vecqy ... —— Vecq; . ..

be an infinite path in the system S; then [}, a; is a finite behaviour of p and [],-, @ is the
infinite behaviour of p. Let ¢t = (¢;);>0 be the sequence of consecutive transitions in the path
p with t; = (vec ;, a;, vec ¢i+1) and r = (vec g;)i>0 its corresponding run; we denote by inf;(p)
the set of all transitions executed infinitely often in p and by infs(r) the set of all states entered
infinitely many times in the run r.

DEFINITION 4. A Muller multitransition system is a 6-tuple

S= (Q7 27 vec qo, T7 Qﬁna Qinf)7
where:
(1) S1=(Q, %, q,T) is a system of N-processes;
(2) Qan C Q are the subsets of final states;
(3) Qint C 29 are the subsets of infinite states (designated subsets).

Multitransition systems were introduced to recognize languages and to realize processes [1].
The behaviour L of S will be a vector (L, L2 ..., Ly) of N regular infinitary languages,
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FIGURE 1.

where L; is the behaviour of the ith process. The behaviour L; of each process i will be a
union L™ U Li"f of two regular languages, where L™ is its regular finitary part and L™ is its
regular purely infinitary part.

We recall from [2] this useful theorem.

THEOREM 2. Let A be a finite alphabet. The language L C A is regular if and only if its
finitary part L™ is a regular language and its purely infinitary part L™ is a finite union of

the form
L™= KRy,
i=1
where, for alli=1,...,n, K;, R; are regular languages of finite words.

In [4], the equivalence between classical Muller automata and Muller T-automata is proved.
Note that in Muller T-automata, the designated subsets are subsets of transitions instead
of states. This result is also true for multitransition systems; henceforth we will consider
multitransition systems with subsets of transitions as distinguished subsets.

4.1. Strictly fair computations

Let p be a path in a system of N-processes S = (Q, X, vec qo, T'); then p is called strictly fair
if and only if:

— either p is a maximal finite path;

— or p is an infinite path which satisfies:

Vi€ {l,..., N},if there exists t = (vec q, @, vecq') € iItlf(p), then II;(@’) # ¢,

where inf(p) denotes the set of transitions entered infinitely many times in the path p.
We denote by

Ci(S)={we (f)oo/ﬂ a path p € pth(vec g, w) such that p is strictly fair}
the set of strictly fair computations of S, with

titiy .. by, ... € TOO/VZ] €N, tij = (VeC Qi s (1_;, vec qij-H) € T,}

pth(vec go, w) = { where vec ¢;, = vec qo

the set of paths starting in vec gy and having the behaviour

w=aas...ay ... €(3)>.

EXAMPLE 3. Consider the above system of 2-processes P; x P, where {s1, s3} designate
the state set of P; and {s2, s4} that of P, (Figure 1).
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It is obvious that the path c¢; = (t1t2)¥ is strictly fair while co =t1t4 is not: the process
P; is delayed infinitely in co; however, in ¢; both processes P;, i =1, 2, perform alternately a
different action from the delay €.

PROPOSITION 1. For every system of N-processes S, there exists a Muller multitransition
system Sy such that the infinitary N-language recognized by Sy is equal to the set of strictly
fair computations in S; in others, words L*°(Sy) = C1(S).

Proof. Let S=(Q,%,vecqo,T) be a system of N-processes. A Muller multitransition
system S is constructed as follows:

SO = (Q7 27 vec qo, T7 Qﬁn7 ﬂnf)7

with:

(1) Qfin = {vec g € Q/out(vec q) =) in S} is the set of final states with out(vec q) = {a €
Y /3vecq €Q: (vecq, @,vecq) €T};

T CT)T = {t; = (vec q;, a;, vec q}) /i € {1, ...,1}} € cycle(S) with
(2) Tt = nj<Ua)¢s,Vje{1,...,N}
i€l
are the subsets of infinite transitions, where:
(a) cycle(S) is the set of cycles on the system of N-processes S;
(b) N is the number of processes;

(¢) 1 is the number of transitions in the cycle T".

In others words, the cycle T” is chosen to belongs to T}, if at least one action different from
the delay ¢ is executed by each process j € {1,..., N} in the cycle T".

We must show: u is a successful path in Sy if and only if u is a strictly fair path in S.

We first show the direct case (=):

(a) if w is a successful finite path in Sp, this implies that u is of the form

— — —
An

u:q, Q1 q2 ... ——qn

such that ¢, € Qgn. Then out(g,) =0 (by construction) and therefore u is a finite
maximal path on S and hence u is strictly fair;

(b) if u is a successful infinite path in Sy, then there exists T € Tiyr such that T = Infy(u)
with T = {t; = (vec q;, a;, vecq.)/i € {1,...,1}} € cycle(9).

The set T forms a cycle of length | and we have IT;({J,; ;) # ¢ (by construction). This shows
that any process j € {1,..., N} performs on T at least one action different from the delay ¢;
consequently, the path v is strictly fair.

For the converse (<):

if u is a strictly fair path on S, then two cases arise:

(1) the path w is finite and maximal on S and therefore u is successful in Sy (by
construction);

(2) w is a strictly fair infinite path on S, and hence the cycle T of transitions met infinitely
often, in the path wu, is a distinguished set, that is, T € Ti,¢ and therefore u is successful

in So.
U
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A direct consequence of this result is the following corollary.

COROLLARY 1. The strictly fair language of a system of N-processes S = (Q, %, vec qo, T)
is an infinitary regular N-language.

Proof. The previous proposition shows that for any system of N-processes S, one can
construct an equivalent Muller multitransition systems Sy. According to the known results on
extended Muller automata and Muller T-automata, we have C(S) = L(Sy) = Lo U Ly with Lg
a regular N-language and L; an w-regular N-language. ]

4.2. Weakly fair computations

Let p be a path in a N-process S = (Q, X, vec qo, T'); then p is called weakly fair if and only if:
— either p is a maximal finite path;
— or p is an infinite path which satisfies:
for all i€ {1,..., N} if, for all vecq € Inf(c), we have II;(out(vec q)) # &, then there exists
ts = (vec qs, @, vec q.) € Inf;(u) such that I1;(7@’) #e.
In other words, if the process P; is continuously enabled from some point on the path,
p shall eventually be active. We denote by Ca(.S) the set of weakly fair computations on S.

EXAMPLE 4. In the system of 2-processes cited in Example 3 (Figure 1), the paths
c1 = (t1t2)* and co =114 are both weakly fair. In ¢; the processes (P, P») are continuously
enabled and active, while in ¢ the only process which is continuously enabled is the process P;.

PROPOSITION 2. For every system of N-processes S, there exists a Muller multitransition
system Sy such that the infinitary N-language recognized by Sy is equal to the set of weakly
fair computations of S; in other words, L>(Sy) = C2(S5).

Proof. We use the same proof as in the case of strict fairness, Proposition 1, where T, is
defined now by

T CT)T ={t; = (vecq;, a;,vecq}) /i € {1, ...,1}} € cycle(S)

Tt =\st.Vje{l,...,N},if m I1; (out(vec ¢;) #¢) =1, U a; | #e
ie{l,...,l} i€l

From this result, we can also deduce the following corollary.

COROLLARY 2. The weakly fair language of a system of N-processes S = (Q, X, vec qo, T)
is an infinitary regular N-language.

4.3. Strongly fair computations

Let p be a path in the N-process S = (Q, X, vec qo, T'); then p is called strongly fair if and only
if:

— either p is a maximal finite path;

— or p is an infinite path which satisfies:
for all i € {1,..., N}, if there exists vec g € Inf(c) with II;(out(vec q)) # &, then there exists
ts = (vec qs, @, vec q.) € Inf;(u) such that I1;(@’) #e.

In other words, if the process P; is infinitely enabled from some point on the path, p shall
eventually be active. We denote by C5(.S) the set of strongly fair computations of S.
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FIGURE 2.

PROPOSITION 3. For every system of N-processes S, there exist a Muller multitransition
system Sy such that the infinitary N-language recognized by Sy is equal to the set of strongly
fair computations of S; in other words, L>°(Sg) = C3(5).

Proof. We use the same construction as in the previous cases (the strict and weak fairness),
but in this case the set Ti,¢ is defined by

T' CT)T = {t; = (vec q;, a;, vec ) /i € I} € cycle(S)
Tint =\ st., Vje{l,... ,N}( U IT; (out(vec ¢;) # ¢€) :>Hj( U E{) 7&5)
}

i€{1,...,l} ie{l,...,l

U
From this result, we can also deduce directly the following corollary.

COROLLARY 3. The strongly fair language of a system of N-processes S = (Q, X, vec qo, T)
is an infinitary regular N-language.

REMARK 1. Note that if a path in a system of N-processes S is strictly fair then it is also
strongly and weakly fair.

4.4. Muller acceptance condition and fairness

In this section, we give two counter-examples showing that the converse of Proposition 10
(respectively Propositions 13 and 15) is not true, that is, not every w-regular N-language is
the set of fair computations of some system of N-processes.

4.4.1. Strict fairness and Muller condition. Let M = P; x P; be the system of two processes
(Figure 2), where all the subsets of the set of states {1, 2} are considered to be designated.
The behaviour of this system is
L=L>®(M)=(a,e)* + (a,e)*(c,d)(a, b)* + (a,&)” + (a,€)*(c, d)(a, b)*.

It is obvious that L € Rat(X)* is the class of infinitary regular languages. The question that
arises is: does there exist a finite system S of 2-processes (P;, P2) such that C1(S) = L? The
infinite term (a, e)* in L shows that the process Ps is infinitely delayed. This shows that
(a,€)*¥ can never be a strictly fair infinite behaviour of a certain finite system of 2-processes.
Consequently, there is no S such that C4(S) = L.

4.4.2. Weak fairness and Muller condition. Let M; be the multitransition system
(Figure 3), where again all the subsets of {1, 2} are considered to be designated. We have
L=L>(M,)=E+ FEy+ E; with
E; = (a,&)",
Ey = (a,€)"(¢, d)((a, ) + (&, 0))7,
Es3=(a,e)“ + (a,e)*(c,d)((a, b) + (¢, b))~.
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The question that arises also in this case is: are there finite systems of 2-processes S
such that L = C5(S)? Suppose that such a system exists, and consider the infinite word
w=(a,e)*(c,d)(e, b)¥ € L.

From the hypothesis, we have w € C3(S); consequently, there is in S a weak fair path o
of corresponding run ¢, such that IIy(c) =w. Let vec ¢ € inf(c) be the state met in ¢ after
computing the prefix (a,)*(c,d) of w. But, we have w; = (a, €)*(c, d)(g, b)*(a, b)* € Ca(S);
this shows that II; (out(vec q)) = {a, €} # €; hence, the path o is not weak fair, and therefore
the system S in question cannot exist.

4.4.3. Strong fairness and Muller condition. Note that the same counter-example cited
above for the weak fairness shows that there is no system of 2-processes S such that L = C5(.5).

5. Concluding remark

We have shown that all kinds of fairness cited above are simulable by the Muller acceptance
condition on multitransition systems but the reverse LS) false. According to Theorem 2 and the
counter-examples cited in §4.4, the behaviour L C (¥)* of any system of N-processes, with
any kind of fairness cited above as acceptance conditions, is an infinitary regular N-language;
this means that the class Fair( X ) of all fair sets on systems of N-processes is strictly included
in the class Rat(X)® of infinitary regular N-languages. This concluding result leids to the
following theoretical question: what are the progerties that a language from Rat(X)>
satisfy in order to belong to the subclass Fair(X)>. Apparently, a closed infinitary regular
language is not necessarily a set of fair computations of some system of N-processes.
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