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FIFO automata are finite state machines that communicate via FIFO queues and are often used to
model distributed protocols. However, the unbounded nature of these queues makes many verific-
ation problems undecidable. To enable model checking of such systems, researchers have focused
on identifying decidable subclasses of FIFO systems. One such subclass, known as Realizable with
Synchronous Communications (RSC) systems, was introduced by Germerie-Guizouarn, Di Giusto,
and Lozes in order to generalize half-duplex systems studied by Cece and Finkel. They demon-
strated that several verification properties for RSC systems are decidable. While Germerie-Guizouarn
also investigated the property of deadlock-freedom and proposed a sufficient condition for deadlock-
freedom in RSC systems, this condition does not establish the decidability of the property itself. In
this work, we prove that deadlock-freedom is indeed decidable for RSC systems.

1 Introduction

FIFO automata—also known as asynchronous communicating automata—are finite-state machines that
exchange messages via FIFO (First-In-First-Out) queues. They provide a powerful and expressive frame-
work for modeling the Communications of distributed protocols. However, in their general form, FIFO
automata are Turing-powerful, making many verification problems undecidable. To enable model check-
ing, it becomes necessary to identify restricted subclasses with more manageable properties.

One such subclass, known as Realizable with Synchronous Communications (RSC) systems, was
introduced by Germerie-Guizouarn, Di Giusto, and Lozes [2] as a generalization of binary half-duplex
systems, originally proposed by Cece and Finkel [1]. In their work, Germerie-Guizouarn et al. demon-
strated that (1) it is decidable whether a system is RSC, and (2) all regular properties are decidable for
RSC systems.

A particularly important property is deadlock-freedom, which ensures that from any configuration,
the system can reach a stable configuration—i.e., one in which all channels are empty. In [3]], Germerie-
Guizouarn also identified a sufficient condition under which an RSC system is deadlock-free. However,
this condition is not necessary: he provided an example of an RSC system that is deadlock-free but does
not satisfy the condition. As a result, the question of whether deadlock-freedom is decidable for RSC
systems remained open.

In this work, we answer this question affirmatively. We prove that deadlock-freedom is decidable for
RSC systems and provide an algorithm to decide this property.

Outline. The paper is organised as follows: Section [2| introduces communicating automata, systems,
and relevant preliminaries. Section (3| defines RSC systems and presents related definitions and results.
Section 4] formalizes the deadlock-freedom property and proves its decidability.

*The author thanks Loic Germerie Guizouarn and Thierry Jéron for their helpful comments and suggestions.
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2 Preliminaried]

Given a finite set S (of letter), we denote by S* the set of finite word over S. Given two words wy, wo,
wi - wy denotes the concatenation of w; and wy, € denotes the empty word, and |w| denotes the length
of wy. If &7 is an automaton, then .Z’(./') denotes the language accepted by 7. For two sets S and I, we
write b (in bold) for an element of S/, and b; for the i-th component of b, so that b = (b;);c;. For a set A,
we denote by Z?(A) the set of subsets of A (also denoted 24).

A FIFO automaton is basically a finite state machine equipped with FIFO queues where transitions
are labelled with either queuing or dequeuing actions. More precisely, considering a set of process P:

Definition 1 (FIFO automaton). A FIFO automaton associated with the participant p € P is a tuple
o = (Lp,Vp,1,,Acty,0p, 1o ) where

* L, is a finite set of control states,

* V, is a finite set of messages,

* 1, is a finite set of buffer identifiers,

* Act, C 1, x {7,277} xV, is a finite set of actions,

* 8, C L, x Act, x L, is the transition relation, and

* Iy, € L, is the initial control state.

The size |.Z),| of <) is |Ly| +|6,.

Actions a = (i, T,v), for ¥ € {7,727} are also denoted by ifv, p is omitted if there is no ambiguity.
An action i!”v means that participant p sends mesage v on buffer i, while i?”v stands for the reception of
v from i by participant p. Given a FIFO automaton .«/ = (L,,V,,1,,0,,l ), a configuration of <7 is a
tuple ¥ = (I,b) € L, x (V). The initial configuration is y = (lp,p,b®) where forall i € I, b? = ¢. A
step is a tuple (7y,a,?’) (often written y % Y) where Y= (I,b) and ¥ = (', b’) are configurations and a
is an action, such that the following holds:

* (l,a,l") € 5,

s if a=i!Py, then b = b;-v and b, = b for all j € I,,\ {i}.

s if a=i?v, then b; = v-b;and b, = b; for all j € I, \ {i}.

A FIFO system, later called simply a system, is a family & = (.%7,) ,cp of FIFO automata. Since
actions are labeled by its participant, all FIFO automata have disjoint sets of actions: for all p # g € P,

Act, NAct, = 0. Each p € P is referred to as a process. We write process(a) to denote the unique p
(when it exists) such that a € Act,, i.e., such that there exist i, v and € {!”,?7} such that a = ifv.

Example 1 (FIFO Automata). Figure |1| shows a graphical representation of a FIFO system, borrowed
from [2]]. This system represents a protocol between a client, a server and a database logging requests from
the client and the server. In this protocol, a client can log something on the database or send requests
to the server, when those requests are satisfied the server logs them in a database. Each automaton
is equipped with a buffer in which it receives messages from all other participants: this system is an
example of a mailbox system. To improve readability of the graphical representation, we refer to the
buffers with the initial of the automaton to which they are associated. For example, s is the buffer into
which the server can receive messages. This simple system will be used as a running example throughout
the paper. 0

ISome definitions and concepts in this section are taken from the work of Loic Germerie Guizouarn et al. [2].
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Figure 1: Client/Server/Database protocol

The size |G| of & is the sum of the |.%7,|. Note that |P| and |/| are independent from the size of &.
In particular, when we say that an algorithm is in polynomial time, we mean in time ¢'(|&|¥) for some k
that may depend on |P| and |/|.
The FIFO automaton product(&) associated with & is the standard asynchronous product auto-
maton: product(&) = (I1L,, U V,, UI,,08,ly) where ly = (lop)pep and 0 is the set of triples (1,a,l’)
PEP T pep peP

for which there exists p € P such that (I, a,1},) € §, and [, = [ for all g € P\ {p}. We often identify &

and product(&) and write for instance % instead of ﬁx Similarly, we say that y = (1,b) is a con-
product

figuration of & while we mean that y is a configuration of product(&). An execution e =a; - - -a, € Act”
is a sequence of actions. As usual = stands for <% --- . We write executions(&) for {e € Act* | % %

y for some 7}
Next, we introduce the definition of reachable configuration:

Definition 2 (Reachable configuration [2]). Let G be a system. A configuration v is reachable if there
exists e € Act™ such that % Y. The set of all reachable configurations of S is denoted RS(S).

For a configuration 7y, we denote also RS(Y) the set of all configurations reachable from vy in &, i.e.,

(713,75 7}

Definition 3 (Buffer size). Let G be a system and let Y = (1,b) be a configuration. The buffer size of Y is
Z |bi|. Given an execution e, the buffer size of e is the buffer size of the configuration 7y such that Y % Y.
il

Definition 4 (Stable configuration [[I]]). Let & be a system and y = (1,b) be one of its configuration. y is
a stable configuration if all its channels are empty, i.e., b =bP.

Definition 5 (Matching pair). Given an execution e = ay - ... - a,, we say that {j,j'} C{1,...,n}? isa
matching pair if there exists a buffer identifier i, a message v and natural number k such that

1. a;=ily,

2. ap =i,

3. aj is the k-th send action on i in e, and
4. aj is the k-th receive action on i in e.

We also said that two actions aj,aj form a matching pair if {j, j'} is a matching pair.



4 Deadlock-tfreedom of RSC systems

Intuitively, a matching pair consists of a message send action and its corresponding receive ac-

tion. An execution imposes a total order on the actions. Sometimes, however, it is useful to visual-
ise only the causal dependencies between actions. Here we define action graphs that depict all causal
dependencies. We say that two actions a;,a, are independent if they do not form a matching pair,
process(aj) # process(ay) and it is not the case that | and a; are two actions of the same type on a same
buffer: there is no 1 € {!,?}, i € I and v;,v, € V such that a; = ifv; and ap, = itv,. If two actions a;
and a; are independent and adjacent, then they commute. For this reason we also say that two actions
commute if they are independent.
Definition 6 (Communication). Given an execution e = ay - ...-a, , a communication of e is either
a matching pair {j,j'}, or a singleton {j} such that j does not belong to any matching pair (such a
communication is called unmatched). We also said that aj,aj form a communication of e if {j, '} is a
communication of e, and a;j forms a communication of e if { j} is an unmatched communication of e.

Given a matched communication i!v,i?v (of an execution e), we denote by i!?v for ilv-i?v.
Definition 7 (Action graph [2]). Given an execution e = a; ---ay,, the action graph agraph(e) is the
vertex-labeled directed graph ({1,...,n}, <., A.) where A.(j) = ajand j <. j if j < j and aj,ay do not
commute.

When j <, j', we say that a; happens before a ;. Note that for an execution e with e € executions(&),

<? is a partial order. Two executions e, ¢’ are causally equivalent, denoted by e ~ ¢/, if their action graphs
are isomorphic. Said differently, e,¢’ are causally equivalent if they are two linearisations of a same

happens before partial order. Note that if ¥ % Yand e g e , then % 7.
S

Definition 8 (Causal equivalence [2]). Let e,¢’ be two executions, withe =ay -...-a,and e =d) -...-d,

and agraph(e) respectively agraph(e'), their action graphs. Executions e and €' are causally equivalent
(denoted e ~ €') if there is a permutation ¢ of {1,...,n} such that

1. forallic{1,...,n}, a’G@ = a;, and

2. forall j,j €{1,...,n}, j <. j ifand only if 6(j) <o o(j').

Informally, two executions are causally equivalent if one can be obtained from the other by swapping

independent actions (by commuting actions that commute). Now we define partial executions.
Definition 9 (Partial execution [3]]). Lete =ay ---a, and ¢’ = d| - - - a), be two executions. We say that e is

a partial executions of ¢/, and we donote e €', if there exists a function 6 : {1,...,n} = {1,....m},n<m
such that foralli € {1,...,n} :
_ .
1. ai = gy
2. Vje{l,...,n},

s i< j <= o(i)<o(j) and
ci=j < o(i)=0(j);
3. Vked{l,...,m},a), <o a’c(l.) = 3j,0(j) =k
We can relate this definition to the action graph: we write e < ¢’ if agraph(e) is a subgraph of
agraph(¢’) preserving the order of nodes (the nodes are placed hirozontally, meaning the graph is drawn
as a linear sequence). By subgraph, we mean that agraph(e) is obtained by removing some nodes from
agraph(¢’), along with all nodes that depend on the removed ones. Said differently, if « < @’ and a € e
then d’ € e. We denote partial(e) = {¢’ | ¢’ < e} for an execution e, and partials(.¥) = {e|3e’ € ¥, e < €'}
for a set of executions .Z.
Example 2. Figure []illustrates an example of an action graph along with a partial execution. Note that

when an action is removed to obtain a partial execution, all actions that depend on it are also removed.
O
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3 RSC systems

In this section we introduce realisable with synchronous communications (RSC) systems. Those systems
aim at mimicking rendez-vous or synchronous communications by checking whether each execution can
be rescheduled to an equivalent one where all receptions immediately follow their corresponding send.
Definition 10 (RSC system, [2]]). An execution e is RSC if all matching pairs are of the form {j, j+ 1}.
A system S is RSC if for all execution e € executions(&), there exists an RSC execution €' such that
e e

Given a system &, we note executions,sc(S) := {e € executions(S) |e is RSC} the set of all RSC
executions of &.
Example 3. The execution s!req - s?req - clres - c?res - slacks - d!log. - d?log. is RSC, but the execution
slreq-s?req-clres- cres - slacks - d!log. - sTacks is not RSC, although causally equivalent to a RSC exe-
cution. O
Example 4 (RSC system). The system in Figure |1 is RSC. Indeed, it is always possible to reorder the
actions so that each reception immediately follows its corresponding send action, while preserving causal

dependencies, by commuting actions that commute. O
Example 5. Consider the system Figure Q], the execution e = 0!7vy - 119y, - 177y, - 0?9y is not causally
equivalent to an RSC execution, therefore the whole system is not RSC. O
0lvy 17,
= —(_O
17v, 0?v)

Figure 2: A system that is not RSC

One may wonder why the RSC subclass is of particular interest. In fact, beyond its appealing proper-
ties—such as the decidability of many verification problems—and its simplicity despite being a relatively
broad subclass, checking whether a system is RSC can be done in polynomial time, as shown by the fol-
lowing theorem.

Theorem 11. Whether a system & = (.<,) pep of size n is RSC is decidable in time O(|1)>|V|*2//n/FI+2),
Proof. See [2] section 3. ]

In the remainder of this section, we define several automata that will be used throughout the rest of
the paper.
Definition 12 (automaton g nch, [3]). Let & = (<)) peP be a system of communicating automata such
that prOdUCt(G) = (Lg,Vg,Hg,ACtg, 56,1%), %ynch(e) = (stncha SsynchanyncmFsynch) is a finite state
automaton such that :

° stnch - LG’

« 0 _

qsynch - lO’
* Fsynch = stnch, and

* (Le ) € Sonen if (1L6) £ (1 b))

ZNote that ¢ is not a single action; since the buffers remain empty after its execution, ¢ consists of a matching pair-i.e., it is
of the form i!a-i?a (also noted i!?a).
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We denote executionssynch(8) 1= £ (eynch). Intuitively, £ (aleynch) contains all executions that match
all the send actions and the receptions (that we call a synchronous execution), in other word, a synchron-
ous execution is an RSC execution such that all messages are received.

Definition 13 (automaton @part, [3). Let & be an RSC system and leynch be the finite state automaton
recognising synchronous executions of &; pary = Q part» Opart q?m,,, F ,,m) is the non-deterministic finite
state automaton where Qpary = Qgynen X P (P) x 2 (1), qgm =(q° . @, 9), Fpart = Qpart, and

synch
1 ((a,p,§), 727, (d',p,)) € Spart if -
* (q,i!??,q") € Synen, and
s {p,q}Np =9 and
 {I"IF}Nf=0;
2. ((q,p,1), 0", (d',0',§)) € Opart if there exists g € P such that :
* (q,i!?2,q") € Synen, and
* p' =pU{q} and
s g
3. ((9,p,1).€,(d',p',f)) € Spart if there exist (p,q) € P%2ic 1, andv €V such that :
* (q,i!??,q") € Syynen, and
* ¢ =pU{p,q}and
« P =fu{i}
In a state (q,p,f), q represents the control state of .27y, p represents the set of blocked processes
(processes that are not allowed to act), and f represents the set of blocked FIFO buffers. The notation

i* € f means that i is blocked for sending actions, and so for all actions, and i" € § that i is blocked for
receptions.

Lemma 14 (See [3]). Let & be an RSC system, and <Zpqr; be the finite state automaton defined above.
One has L (A part) = partials(executionssynch(6))EI

Proof. See [3l], p.80, lemma 6.2.1. O

Note that partial executions of synchronous executions are RSC. In fact, let e be a partial execution
of a synchronous execution ¢’. There exists a permutation o that satifies the condition in Definition @
Let {j, '} be a matching pair in e with j < j’. One has o(j) < o(;') and {c6(j),o(;')} is a matching
pairin ¢’. So o(j') = 6(j) + 1. We proceed by contradiction : let us assume that j' # j+ 1. Then there
exists j < i< j. Soo(j) <o(i) <o(j) contradiction because 6 (j) = o(j'). Hence j/= j+ 1 and e is
RSC.

Definition 15 (automaton ). Let & be an RSC system and product(S) = (Lg,V,I,Act, ds,lo);
rsc = (Lyscs Opsey lrse,0, Fyse) is the non-deterministic finite state automaton where L., = Lg x (1),
lrseo = (10,D), Frse = Lyse, and
L ((L§),i'v V,§") € e if -
* i¢f, and
s f=§ and

3The two alphabets are not identical, but if we treat i!?a (a single letter) as equivalent to the sequence i!a - i%a (a word of two
letters), then the alphabets can be unified. In practice, when discussing executions, the specific representation is not important.
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e there exists 1" € Lg such that (1,i!v,1"),(1",i%?a,1') € 6g
2. ((Lf):i!vv (l/afl)) S 5"36 lf

o { =fU{i} and

° (l,i!v,l’) S 66

In a state (1,§), I represents the control state of product(&) and f represents the set of blocked FIFO
buffers (from which we cannot receive any message).

Lemma 16 (see [2]). Let S be a system. One has £ (esc) = executions,sc(S).

Proof. See [2]. ]

4 Deadlock-freedom property
In this section we define what is a deadlock execution then we define what is a deadlock-free system,
and finally we show that, knowing whether an RSC system is deadlock-free is decidable.

Definition 17 (Deadlock, [3]]). Let & be a system, a configuration ¥y is a deadlock if for all Y € RS(Yy),
Y is not stable. An execution e is deadlock if the configuration y such that Y % Y is deadlock.

Definition 18 (Deadlock-Freedom, [3]). A system & is deadlock-free if RS(S) contains no deadlock
configuration, i.e., for all reachable configuration y € RS(&) there exists ¥ € RS(y) such that v, is a
stable configuration.

Notice that, if e is not deadlock, then there exists ¢’ such that ¥ % Y where v is a stable configura-

tion. Since we work with RSC systems, e ¢’ is causally equivalent to an RSC execution e;. However, all
sent messages have been received, then e; € executionssynch(G).
In [3]], Germerie-Guizouarn establishes the folowing lemma :

Lemma 19 (Sufficient condition for deadlock-freedom). Let S be an RSC system. If executions,,. (&) =
partials(executionseynch @), then & is deadlock-free.

Proof. See [3], chapter 6, lemma 6.3.2. O]

Germerie-Guizouarn also showed that this condition is not necessary for an RSC system to be
deadlock-free. Figure [3]illustrates a system that is RSC and deadlock-free but does not satisfy the condi-
tion.

0!\/1 1!V2

11724y,
—( oOWh O

17, 219y,
System G %ynch

Figure 3: A deadlock-free RSC system which does not satisfy the condition borrowed from [3]]
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The main issue is that partials(executionssynch(&)) is not closed under RSC equivalence; that is,
if e € partials(executionssyncn (&) and e ~ €’ with ¢ an RSC execution, it is not necessarily the case
that ¢’ € partials(executionssynch(&)). One can try to compute the closure under RSC equivalence of
partials(executionssynch(&)). However, this solution is not straightforward, and it is unclear whether
it is even computable. Regardless of its complexity, to prove decidability, we take a slightly simpler
approach.

Lemma 20. Let S be an RSC system, and e an execution of &. One has :

Je’ s e.e' ~ egnen € executionsgynch (S) <= ey : e ~ e; € L (part)

i.e., e is not deadlock, if and only if, e is causally equivalent to a partial execution of a synchronous
execution.

Proof. The left implication is trivial, the right implication is a bit harder. The idea is that if there exists ¢/
such that e.e’ ~ esynch then the execution “ egynch — €' 7 (the action resulted by removing the actions of ¢’
in esyncp) satisfies our conditions; this is legitimate, because since ¢’ can be executed after e, the actions
of e happen before those of ¢/, i.e., there is no a an action of e and @’ an action of ¢’ such thata’ <, , @,
and then removing the actions of ¢’ do not cause the removal of any action of e. Below is a diagram that
illustrates the construction of e, (where the red actions are the actions of e, the black ones of ¢/, m := |e]
and 7 := |esynch|)-

esynch = aq e aj, e aj e a;, e ay
€y = aj, e e a;,
See[A.T|for a formal proof. O

Lemma 21. Let S be an RSC system and e € £ (part). There exist a word € € (L9 UX9)* (ie. € is
made up of send-receive actions and/or unmatched receive actions E] such that e- €' is causally equivalent
to a synchronous execution.

Proof. See O

Lemma 22. Let G be an RSC system and let e = u-v-w be an RSC execution, where v is a loop in s
that introduces messages which are not received. If the execution ¢’ := u-w does not lead to a deadlock,
then the buffer size of e can be reduced. That is, there exists an execution €” such that the buffer size of
e- " is strictly smaller than that of e.

Proof. See[AJ| O

Lemma 23. Let S be an RSC system. We note M := |.esc|. & is deadlock-free if and only if all executions
whose length is less than M are not deadlock.

Proof. See[A.4] O

Theorem 24 (Decidablity of deadlock-freedom of RSC system). Knowing whether an RSC system is
deadlock-free is decidable.

Proof. See O

4237 denotes the alphabet of send-receive actions, i.e.,, actions of the form i!?a, and X» denotes the alphabet of receive
actions, i.e.,, actions of the form i?a.
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A Proofs

A.1 Proof of lemma 20|

Lemma 20. Let G be an RSC system, and e an execution of &. One has :
Je' : e.€’ ~ esynen € executionssynch (G) <= Jes: e ~ e5 € L (Hpart)

i.e., e is not deadlock, if and only if, e is causally equivalent to a partial execution of a synchronous
execution.

Proof. This implication is easy, suppose that there exists an exection e; € £ (Apar) N L (A synen)
such that e ~ e;. Since e; € Z(Hpart), there exists egy,cn, € executionsy,q,(S) such that e, I egy,ep. By
lemma 6.3.1 [3]], there exists ¢’ such that e;.e’ ~ egy,cn, hence e.e’ ~ e5.¢' ~ egyne.

Suppose that there exists ¢’ such that e.e’ ~ ey, € partials(executions,y,.,,(&)). Let us denote e” :=

synch synch
R

e =df...a), m:=|e| and ey, = aj . There is then a permutation & of [|1,n|] such that :

e Vie[|1,n]], a;}gh =a!, in particular Vi € [|1,m]], aijg.;'h =aq,

* vj?j/ € Hl?nH’ J —<9// j/ A G(-]) -<€synch G(-]l)

The diagram below illustates the situation :

o synch synch synch synch synch
€synch = Cn d; Cee S dg S 4
f— // . . . // . . . . . //
e T (P /1
€ = L

Let 7:[|1,m|] — [|1,m|] be the function that maps each integer j to the index (in e) of the j-th action of
e that appears in ejy,q;. In other words, 7( ) gives the position in e of the j-th action that appears in egy,cj.
We can define 7 differently. Let us order the sequence (6 (i))e[j1,m|» One has 6(7(1)) < ... < o(t(m))
(in the diagram above, the permutation 7 is the function such that 7(j) = i; for j € {1,...,m}). We

synch synch

denote then e := ;7)) - - dgor(m)

=aj,...,ay, Letus first check that e ~ e;. One has :

1. forallie{l,...,n},a’ :a‘;yfg?i) = aq(; because (i) € {1,...,m}
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2. forall j,j € {l,...,n},

() < T(J) == 007()) <eyy G0 T(J)
= < J

This shows by the way that e, is indeed an execution, because it is causally equivalent to an execution.
Let us show now that e; < egyep. Let i € [|1,m]], one has :

s __ _synch
Loa; = oot(i)

2. forall j € [|1,m]|] one has :

* i< j <= 0o1(i) <oot(j) by constructionof 6ot

* i=j <= 001(i) = 601(j) by injectivity

3. let k € [|1,n]] such that aiymh = eypmet ag:;?i). Since " ~ egynchs ag,l(k) <o a’T’(l.) so 6! (k) < 7(i)
and a’(’y,l(k), a’T’(i) do not commute. One has 7(i) € [|1,m|], then 6~ (k) € [|1,m|]. So, there exists

Jj€[[1,m|] such thata; =al _, (k> hence ag(n;)h = aiyndl. By bijectivity of 7, there exists j' € [|1,m]]

such that j = 7(j") hence a‘;y:;?j) =" s0 cot(j) =k
Hence the desired result. See [B.2]for more explanation. O

A.2 Proof of lemma 21

Lemma 21. Let S be an RSC system and e € £ (part). There exist a word € € (L9 UX9)* (ie. € is
made up of send-receive actions and/or unmatched receive actions E] such that e- €' is causally equivalent
to a synchronous execution.

Proof. This result is quite intuitive. Before embarking on a formal proof, let us explain the idea behind
this lemma. Speaking in terms of partial execution, if a reception has been removed (in a synchron-
ous execution in order to obtain a partial execution), then all actions that depend on the removed one
have also been removed. Therefore, the removed reception is independent of all subsequent executions.
Therefore, the reception is executable. Likewise, if a send has been removed, its reception has also been
removed, and therefore this communication (send-receive) commutes with everything that follows it,
and is therefore executable. In automaton terms, if a receive has been removed, then its channel and its
participant have been blocked, thus remaining in the same state (in terms of both the control state and the
state of the channel concerned) for the entire remainder of the execution. And so we are able to execute
this reception at the end of the execution. The same applies to a send-receive. In terms of action graphs,
here is an explanation for a deleted reception, this explanation is the same for a send-receive (where the
following graph is the graph of a synchronous execution e = aj - ... - a, and the red cross is the delete
action (thus the resulting subgraph, removing the deleted nodes as well as the nodes that have a re-entrant
edge coming from a deleted node, is the action graph of the partial execution in question):

5237 denotes the alphabet of send-receive actions, i.e.,, actions of the form i!?a, and X» denotes the alphabet of receive
actions, i.e.,, actions of the form i?a.
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A\
v This deleted action (reception) (assuming it

a0 l_s a send is the first action deleted) can be executed
actl{)n and here, so by keeping this execution and
a1 15 t‘he removing those initially deleted (which is
reception legitimate, because no action on which a3
bt?cause depends has been deleted since it is the first
€18 syn- deletion), we obtain an execution (denoted
chronous.

¢') whose action graph is shown below.

|
This action (reception) is independent of all the actions that follow it (because
we removed the initially deleted actions, except for this one, and therefore the
actions that depend on this action and that follow it are deleted). Thus this
action commutes with all the actions that follow it, and therefore it can be placed
at the end. The word obtained (by placing this action at the end) is causally
equivalent to the execution ¢’ and is therefore an execution. Thus, reception is
executable at the end. By reasoning by induction, we show the desired result

Let us return to the formal proof. We proceed by strong induction on the number of actions deleted
in ey (a synchronous execution from which results e, the partial execution, by deleting actions). For
n € N, we denote by & (n) : <for all e; € Fynch and e € part such that e Jeg and |eg| —|e| =n (i.e., n
actions of e, have been deleted to obtain e), there exists a word ¢’ € (X9 UX7)* such that e- ¢ is causally
equivalent to e >.

Initialisation : For n = 0, no action has been deleted, So e = e, is synchronous and e - € ~ ey, the searched
word ¢’ is empty.

Heredity : Let n € N such that Vk <n, & (k). Let us show & (n+1). Let e; € Heynch and e € Hpart sSuch
that e < e; and |es| — |e| =n+ 1. We write e; = ay, -ds, - ...~ a5, and e = ay - ... - ay. Let i be the index of
the first action deleted in ey (i then satisfies a; -...-a;—1 = a,, - ... - a5, ,). We distinguish two cases :

* first case : let us suppose that ay, is a send. Since e, is synchronous, ay,,, is the corresponding
reception. The pair {i,i+ 1} is a matching one in ey, so ay,,, depend on ay,. Thus a;,,, has also
been removed. Let e;, be the execution which results by keeping ay; et a,,, in e; and removing all
the initially deleted actions (in order to obtain e¢). The non deleted actions (in e;) that follow this
pair do not depend on it. Thus, e, ~ e-ay, - ay,, . Since |es| —|ey| =n —1, By applying & (n— 1),
there exists ¢}, € (X7 UXy)* such that e, - ¢}, ~ e,. Hence ey -e, ~ ej-ay, -ay,, - €, ~ e;. Thus

¢ :==ay,-ay,, e, suits.

* second case : let us suppose that gy, is a reception. Likewise, we show the result.

Hence the heredity, hence Vn € N, &(n). So that, if e € “part, there exists e, € %ynch such that e < ¢
and so by applying & we conclude. O
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A.3 Proof of lemma 22|

Lemma 22. Let G be an RSC system and let e = u-v-w be an RSC execution, where v is a loop in s
that introduces messages which are not received. If the execution € := u-w does not lead to a deadlock,
then the buffer size of e can be reduced. That is, there exists an execution €” such that the buffer size of
e- " is strictly smaller than that of e.

Proof. First of all, since all the states of .7 are accepting, ¢’ is an RSC execution of &. Since €’ is not
deadlock, according to lemma there exists e, € . (part) such that e ~e p- According to lemma ,
there exists e. € (L17 UX»)" such that e, - e, ~ e, € ynch. Since v is a loop in o7, after executing v
(after u) we return to the same state in 7., i.e., u and u - v lead to the same state in %s.. So, v does
not cause any channel blockage. However, v contains unreceived messages, so, u# has already blocked
the channels used by the unreceived messages of v. So u-w contains unreceived messages, and then e,
contains receive only actions. Let a, be the first receive action in e.. So, we have :

ec = il vy o kv ‘ ar
- ~ _ ’\\
These actions use empty chan- This receiption is associated to
nels, because they immediatly re- an unreceived message in u, it
ceive the sent messages. Since v is still executable if we add v
does not use empty channels for because we still in the same state
its unreceived messages, these and v does not change anything
actions are executable afer u-v-w on the unreceived messages of

u (it just adds some messages in
the already blocked channels).

So the sequence of actions e” := i!?V; - j!?v; ... a, is executable after u-v-w, then the size of channels
of e- € is strictly smaller than that of e. The picture below shows the state of the channels after executing
u-wandu-v-w:

Channels after executing u - w
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Channels after executing u-v-w

i J k l
w

v v

u u w

A.4 Proof of lemma23

Lemma 23. Let S be an RSC system. We note M := |.osc|. & is deadlock-free if and only if all executions
whose length is less than M are not deadlock.

Proof. The right implication is trivial, if G is deadlock-free then all the executions of & are not dead-
lock, in particular those of size less than M (whatever M is) are not.

We proceed by contraposition. Let us show that if & is not deadlock-free then there exists a dead-
lock execution of size less than M. Suppose that G is not deadlock-free. Then there exists a deadlock
execution, let us take one of minimal size of channels that is minimal in size (of minimal length among
all deadlock executions whose buffer size is minimal (see [B.I] for more details)), that we denote e,,. If
we consider an equivalent execution of e,,, we can suppose that ¢, is RSC (because & is RSC). Let us
show that |e,,| < M. We proceed by contradiction : assume that |e,,| > M. Since |e,| > M, we can
write e, = u-v-w with v a loop in .. If v does not contain unreceived messages (i.e., it contains
only send-receive communication) then u - w and e, lead to the same configuration, which is absurd by
size minimality of e,, (the two executions have the same channels size). Then, suppose that v contains
unreceived messages. According to[22] and by contraposition, ¢’ := u-v is deadlock : absurd because the
size of channels of ¢ is strictly smaller than that of e,,. Hence |e,,| < M. O

A.5 Proof of theorem
Theorem 24. Knowing whether an RSC system is deadlock-free is decidable.

Proof. For an RSC execution e, we note cl.(e) := {¢’ € executions,sc(&)|e ~ ¢’} the equivalence RSC
class of e. According to lemma 20} e is deadlock if and only if cl.(e) N.Z (A ) = @. According to
lemma 23] we just have to check that for all executions of length less than M. O

B Additional Notes on Proofs

B.1 Clarification on the construction of ¢,

Let S be a deadlock RSC system. Define the set S C executions(&) as the set of all deadlock executions :
D := {e € executions(S)|e is deadlock}. Since & is deadlock, S is non-empty. Let ¢ : executions(S) —
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N be the function that maps each execution to its buffer size. Since ¢ [D] C N, it contains a minimal
element, which we denote by m. Define the set of deadlock executions with minimal buffer size as :
E, = ¢_1 (m) N D. This set E,, contains all deadlock executions whose buffer size is exactly m, and is
therefore minimal with respect to buffer size. Now, ¥ : executions(&) — N be the function that maps
each execution to its length (i.e.,, the number of actions). Then y [Em] C N so has a minimum, which
we denote by £. The set y~!(¢) is non-empty and contains all deadlock executions of minimal length
among those with minimal buffer size.

B.2 Commentary on the proof of lemma 20|

The intuition behind the proof is as follows: when transforming e- ¢’ into the synchronous execution €synch
via causal equivalence, the actions from e are simply reordered. The function 7 records the original
positions of these actions within e. For example, if e = a;j-a2-a3, ¢ =a} -d), and e- € ~ enen =
a)-ay-az-dy-ay, then (1) =2, 7(2) =3 and 7(3) = 1. Since ey, is causally equivalent to e- ¢/, no
conflicts (i.e., swaps of dependent actions) occur with 7—those dependencies are preserved through the
equivalence transformation.

C Figures




N. Kazem

L1l

Figure 4: An exemple of action graph and a partial execution.
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