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&
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lehaut@chalmers.se piterman@chalmers.se

We study an extension of Zielonka’s (fixed) asynchronous automata called reconfigurable asyn-
chronous automata where processes can dynamically change who they communicate with. We
show that reconfigurable asynchronous automata are not more expressive than fixed asynchronous
automata by giving translations from one to the other. However, going from reconfigurable to fixed
comes at the cost of disseminating communication (and knowledge) to all processes in the system.
We then show that this is unavoidable by describing a language accepted by a reconfigurable au-
tomaton such that in every equivalent fixed automaton, every process must either be aware of all
communication or be irrelevant.

1 Introduction

In recent years, computation devices have become so widely available that they are now everywhere.
They are lighter, cheaper, prevalent, and, ultimately, mobile. Sensor networks, multi-agent systems, and
robot teams use mobile and ad-hoc networks. In such networks, participants/agents/processes come and
go and change the communication configuration based on need, location, and various restrictions. These
systems force us to consider how communication changes when participants are numerous, mobile, and
required to collaborate.

We consider a canonical formalism in language theory for distributed systems with a fixed commu-
nication structure — Zielonka’s asynchronous automata. These are a well known model that supports
distribution of language recognition under a fixed communication topology. In this model, a number of
processes are each connected to some fixed set of channels. They can then communicate with others
processes by synchronizing on a channel. During such a communication, all processes involved share
their local states with each other, and then progress to a new state. Another feature of this model is that
a communication can only happen if all processes involved are ready for it; if even a single process does
not accept then the communication is blocked. The model is especially interesting due to Zielonka’s
seminal result on the ability to distribute languages in this model [9]. Zielonka’s result starts from a
given regular language and a target (fixed) distribution of the alphabet. He then shows that if the deter-
ministic automaton for the language satisfies a simple condition about independence of communications
then the language can be distributed and accepted by a distributed team of processes. Zielonka’s quite
involved construction has been revisited and optimized several times, let us cite e.g. [8, |5, |4] for the
general construction and [[6] for an example of a simpler construction in a restricted case. This result
lead to several applications notably in synthesis [[7], further establishing the usefulness of this model.

The aim of this paper is to extend the power of asynchronous automata by giving them reconfigurabil-
ity. To this end, processes comprising a system are extended with the ability to dynamically connect and
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disconnect from channels after a communication. As before, a communication can only occur on a chan-
nel if all the processes that are connected to the channel agree on it, and otherwise the communication is
blocked. This is the exact notion of communication of asynchronous automata, except that processes can
now connect and disconnect to channels dynamically during an execution. In order to allow more than
mere synchronization on the channel, communications are extended by a data value, which correspond to
the state sharing of asynchronous automata. We call this variant reconfigurable asynchronous automata.
They are inspired by attribute-based communication calculus [2| [1]] and channeled transition systems
[3]], though they are much simpler than those and adapted to the context of asynchronous automata.
To prevent confusions, we sometimes refer to the base variant as fixed (as opposed to reconfigurable)
asynchronous automata.

With the definition of this new extension, the first natural question is whether reconfigurable asyn-
chronous automata are more expressive than the fixed variant. To this we answer negatively by showing
how to translate from one model to the other. Going from fixed to reconfigurable is easy. We also show
that if the fixed asynchronous automaton has local transitions, i.e. the next state of a process only de-
pends on its own current state and not on the state of others, then it corresponds to a reconfigurable
asynchronous automaton that does not use data values during communications. The other direction is
also relatively easy, however with an important caveat: every process in the fixed automaton partici-
pates in every communication, autonomously deciding which communications to ignore and which to
act upon.

With the two models being equi-expressive, the second natural question is what does adding recon-
figurability actually bring? It is well known that non-deterministic finite automata are as expressive as
deterministic ones, but can be exponentially smaller in size. In the case of fixed versus reconfigurable
asynchronous automata, the gain is not in size, but in the communication structure. As explained just
before, our translation from reconfigurable to fixed asynchronous automata results in essentially sharing
all information to all parts of the system, and letting each process decide whether that information is
actually needed. This is undesirable for many reasons. First, in real systems, each communication takes
time and costs energy to process, so one should not waste resources sending information that would be
useless to some process. Second, for privacy reasons, it is obviously not desirable that every process in
the system has access to every communication; we would rather that a process only receives information
based on its “need-to-know”. Thirdly, it implies that every process is always connected to every other
process in the system, which is not good in systems with a high number of participants that only require
a small number of connections at each time.

We then show that this sharing is, in general, unavoidable. We suggest a language that can be rec-
ognized by reconfigurable asynchronous automata but for which any equivalent fixed asynchronous au-
tomaton has the pitfall described above. In this language, using reconfigurable communication, processes
actively connect and disconnect from channels and keep themselves informed only about crucial infor-
mation. Throughout, processes are connected to a very small number of channels that is independent
of system size. However, some (changing) channels are used for coordination of how to connect and
disconnect from the other channels. We show that for asynchronous automata to recognize the same
language, some processes must be connected to the full set of channels and be informed of everything.
What’s more, every process that is not connected to the full set of channels can be made trivial by accept-
ing unconditionally all possible communication on channels that they are connected to. We also show
that the system contains a subsystem performing the same computation in which the processes that are
not fully connected are completely trivial: the system does not need them at all to perform exactly the
same computation.

The rest of the paper is organized as follows. In Section 2| we recall the definition of Zielonka’s
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asynchronous automata and give the definition of reconfigurable asynchronous automata. In Section[3]we
give the translations between the models and show that the data of reconfigurable asynchronous automata
correspond to the global transitions of fixed asynchronous automata. We then show in Section 4] that in
every translation that removes the reconfigurability, all processes either know everything or are trivial.
Finally, we conclude and discuss our results in Section 3

2 Definitions

2.1 Fixed Communication Structure
2.1.1 Distributed Alphabets

We fix a finite set IP of processes. Let £ be a finite alphabet, and dom : £ — 2% a domain function
associating each letter with the subset of processes listening to that letter. The pair (X,dom) is called
a distributed alphabet. We let dom™'(p) = {a € £ | p € dom(a)}. 1t induces an independence binary
relation [ in the following way: (a,b) € I < dom(a) Ndom(b) = 0. Two words u = u;...u, and v =
vi...v, are said to be equivalent, denoted by u ~ v, if one can start from u, repeatedly switch two
consecutive independent letters, and end up with v. Let us denote by [u] the equivalence class of a word
u. Let & = (Q,X,q0,A,F) be a deterministic automaton over X. We say that <7 is I-diamond if for
all pairs of independent letters (a,b) € I and all states ¢ € Q, we have A(g,ab) = A(q,ba). If </ has
this property, then a word u is accepted by <7 if and only if all words in [u] are accepted. Zielonka’s
result states that an /-diamond automaton can be distributed to processes who are connected to channels
according to dom [9].

2.1.2 Asynchronous Automata

An asynchronous automaton (in short: AA) [9] over distributed alphabet (X,dom) and processes P is a
tuple
B = ((Sp)pelP’7(Sg)p6P7(5a)an,ACC)
such that:
* §, is the finite set of states for process p, and sg € §, is its initial state,

* 0y [pcdom(a)ySp = Ilpedom(a) Sp 1s @ partial transition function for letter a that only depends on
the states of processes in dom(a) and leaves those outside unchanged,

* Acc C[,epSp is a set of accepting states.
A global state of the automaton is of the form s = (s,,) ,cp, giving the state of each process. For every
such global state and every subset P C IP, we denote by s |p= (s,),cp the subset of s of states from
processes in P. Then a run of 4 is a sequence soa;Sias ...s, where forall 0 <i<n,s; € [IyepSp, ai €L,
satisfying s) = (s?,) pep and the following relation:

Si \Ldom(ai): Sai(sifl \l/dom(ai)) and s; \L]P’\dom(a,-): Si—1 \L]P’\dom(a,-)

A run is accepting if s, belongs to Acc. The word aja; ... is accepted by # if such an accepting run
exists (note that automata are deterministic but runs on certain words may not exist). The language of
A, denoted by .Z(A), is the set of words accepted by Z. For the rest of this paper, we will drop the Acc
component as we focus more on the runs themselves over whether they can reach a certain target. That
is, we assume that Acc = [],cpSp. This restricts the languages that can be recognized by asynchronous
automata but still allows us to prove all our results.
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Figure 1: An asynchronous automaton 9 over three processes.

Example 1. We give an example of an asynchronous automaton & in Figure [l There are three letters
¥ ={a,b,c} distributed over three processes P = {p,q,r} with the domain: dom(a) = {p},dom(b) =
{q},dom(c) =P. An example of a run is the following sequence:

(s1,t1,u1) a (s2,t1,u1) b (s2,t2,u1) b (s2,t1,u1) @ (s1,t1,u1) ¢ (s1,01,u1)

which gives abbac as a word in £ (). More generally, % accepts all words where all occurrences of
¢ are such that there are an even number of @’s and an even number of b’s in the prefix before the ¢
occurrence. That is,

B . Vi . vi=c implies ag (V() “oe Vi) —mod?2 0
g(,@) = {V()---Vn € {a,b,C} and bﬁ(V()---Vi) =mod2 0 ’

where o} (w) is the number of occurrences of letter ¢ in word w.

2.1.3 Local Asynchronous Automata

We also define a weaker version of asynchronous automata, called local asynchronous automata (short:
LAA or local AA), in which the transition function is local to each process, and therefore independent
with respect to the states of all other processes. To avoid confusion, we sometimes refer to normal
asynchronous automata as defined earlier as global asynchronous automata (or global AA), though by
default AA refers to global AA.

A local asynchronous automaton over (X,dom) and P is a tuple

B = ((Sp)peps (Sg)pelP’a (8p)pep),

where S, and sg are defined as before, and 5, : S}, x dom™! (p) — S, is the transition function of process p.
A run of 4 is a sequence syd;814d; . . .S, Where sy = (Sg)pe]}n and forall 0 <i<n,s; = (s7),ep € [Tyer Sy
a; € X, satisfying the following relation:

Si=\p

p 8,(s? |,a;) if p € dom(q;),
! Si_y otherwise.

Observe that a local AA is a syntactic restriction of global AA. There are languages recognizable by
global AA that cannot be recognized by local AA, because intuitively it would be impossible to make a
process react differently to the same communication based on differences observed by another process.
For example, take X = {a,a,b,c,¢} and two processes p,q such that p listens to a,a,b and g listens to
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¢,C,b. Then take language L = {abc,abc}. One can easily see that L can be recognized by a global AA
but by no local AA.

In particular, Zielonka’s distribution result [9]] no longer holds for local AA. Note that the automaton
given in Figure [T]is local.

2.2 Reconfigurable Communication

Let us consider here a model where the communication structure is not fixed, and can be modified dy-
namically during a run. As before, let us fix a finite set P of processes. Let us as well fix a finite set
C of channels, with a role similar to the alphabet X of the previous section. Here, the function dom is
replaced by a state-dependent listening function through which processes reconfigure their communica-
tion interfaces depending on their current state. Finally, let 7 be a finite set of message contents. The
intuition behind 7T is to abstract the state-sharing part of a communication to allow us to define each
process’ transition function independently of other processes. We emphasize that this has nothing to do
with reconfigurability and is just a way to have nicer definitions.

2.2.1 Reconfigurable Asynchronous Automata

A reconfigurable asynchronous automaton (in short: RAA) over C is a tuple ./ = (S,s°, A, L) where:
* Sis a set of states, s° € S being the initial state,

e A:Sx (T xC) — S is the partial transition function, where A(s, (f,c)) = s means going from
state s to s after having a message on channel ¢ with content z. We write (s, (¢,¢),s") € A for
A(s, (t,c)) =,

 L:S— 2C is alistening function such that ¢ € L(s) if there is a transition of the form (s, (¢,c),s’) €
A, i.e. state s must be listening to channel c if there is some transition from s involving a message
on c.

A run of 7 is a sequence Som s1ms; . . . s, starting from the initial state so = s° and where for all 0 < i <
n,m; € T x C and A(s;_1,m;) = s;. The language of <7, denoted by .Z(.<7), is the set of words over C of
the form cpc; ... such that there exists a run of the form s (79, co)s1(t1,¢1) ..., i.e. we focus only on the
sequence of channels where messages are sent, and drop the states and message contents.

Intuitively this definition represents the behavior of a single process, communicating with the outside
on channels from C. In order to be able to reconstruct the whole system, we now define the parallel
composition of RAA.

Given a sequence of RAA (7,) pep With 7, = (S,,s%,A,,L,), one can define their parallel compo-
sition p = (S,s%A,L):

* S=TlpepSy and so = (sg)pe]p,

¢ L((Sp)pelP’) = UpE]PLP(SP)’

* A((sp)pep; (t,¢)) = (s},) pep if the following conditions are met:
1. dps.t.ce Ly(sy),
2. Vpsit.c€Ly(sp),(sp,(t,c),s,) € Ap, and
3. Vpsit.c ¢ Ly(sp),s
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@ ac b,C

Figure 2: An RAA & over three processes. The listening function is given to the right of each state.

In plain words, there is a transition if all processes listening to the corresponding channel have a transition
with the same message content, with at least one process listening to the channel, whereas those that do
not listen are left unchanged. Note that if some process listens to that channel but does not implement
the transition, then that transition is blocked.

By convention, an RAA over C and P refers to an RAA of the form .«7p as described above.

Example 2. Figure 2 shows an example of RAA over channels C = {a,b,c} and three processes P =
{p,q,r}. Here we take T = {t} as the set of message contents, so for readability purposes it is omitted
from the transitions. Note that when process p is in state s», it is listening to channel ¢ but no c-transition
is implemented, therefore a communication on c is impossible (similarly for g and #,). So the only way
a communication happens on c is when p and g are in s and #; respectively, which means only process
r listens to c. It is then easy to see that this RAA accepts the same language as the AA given in Figure [1l
Note that it does so without p or g ever taking part in a communication on ¢, contrary to the previous
example.

3 From Fixed to Reconfigurable and Back

We now focus on comparing the expressive power of these two formalisms. For the rest of this section,
we fix a finite set [P of processes.

3.1 Fixed AA to Reconfigurable AA

Let (X,dom) be a distributed alphabet, and let % be an AA over it. One can construct an RAA o7p with
¥ as set of channels that recognizes the same language as 4.

The intuition is as follows. The listening function of each process is the same for all states: each
process always listens to the channels that have this process in their domain. The only part that is not
straightforward to emulate is that a transition of an AA depends on the states of all processes in the
domain of the corresponding letter. Therefore each process in the RAA needs to share their states via
message contents to all others when emulating a transition.

Theorem 1. Every language recognized by an AA over (¥,dom) and P can be recognized by an RAA
with set of channels ¥ and processes P.

Proof. Let 8 = ((S,)pep, (s([),) peP, (0a)acx) be an AA as described earlier. For the set of messages, we

take T = Uan(Hpedom(a) SP)'

Then let o7, = (Sp,sg,Ap,Lp) be a RAA for process p where:
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* Ly(s)={acX|pedom(a)} forallsesS,,

. Ap(sp, (t,a)) = (aa(l))i{p} if Sp = l‘i{p}
i.e. an a-transition is possible if and only if the message ¢ is the tuple comprising the current states of all
processes in dom(a), and all processes then update their state according to 9.

By construction, one can show inductively that for each run of 4, there is a corresponding run of .#7p
where at each point, the state of each process p is the same in both runs. It follows that £ (%) C £ (<|p)
and conversely </|p can only emulate runs of %, showing the reverse inclusion. O

Note that the size of the constructed RAA lies almost entirely in the size of T, the message contents
set, which is [],ep S)-

For local AA the translation is even more straightforward, as no message content is required (i.e. 7'
can be reduced to a singleton).
Corollary 2. Every language recognized by an LAA over (X,dom) can be recognized by an RAA with
set of channels X and where |T| = 1.

Proof. Inthe case of LAA, the transition J, does not depend on the states of other processes. Let T = {t}.
We replace the transition A, in the proof of Theorem by A, (s, (t,a)) = 8,(sp,a). O

3.2 Reconfigurable to Fixed

Let us now focus on the reverse direction. Let (.27, ) ,cp be a sequence of RAA over P with set of channels
C, and let .o be their parallel composition. Our goal is to create an AA with alphabet C that recognizes
the same language. The question that arises is: what should dom be defined as for the distributed alphabet
(C,dom)?

The solution is to define it as the complete domain function Fdom: Fdom(a) = P for all channels. In
that case, it is simple to build an AA over (C, Fdom) that emulates <7, as each process can simply stutter
when they are not supposed to listen to a channel.

Theorem 3. Every language recognized by an RAA over set of channels C and processes P can be
recognized by an AA over (C,Fdom) and the same set of processes.

Proof. Consider (7)) ,cp, Where o7, = (Sp,sg,Ap,Lp), with &7 = (S,s°,A, L) being their parallel com-

position over message contents T'. We build 2 = ((Qp) pep, (¢5) pep, (8 )cec) as follows:
e forallpeP, Q,=S5,,and q([), :s?,
* For channel ¢ € C we have 6, defined as follows.

dpeP.ceLy(g,)and

3teTNpeP.
if ¢ € Ly(qp),(4p,(t,¢),q,) € Ay and
ifc ¢ Lp(‘]p)a‘]p = qllr;

O = ((Qp)pd?a (q/p)PGP)

Similarly to Theorem [I} the construction makes it so that any run from .7 has a corresponding run
in Z where the state are identical for each process, and the same in the other direction. O

Note that having global transitions is necessary to ensure all processes share the same message con-
tent . However if we assume that 7 is a singleton, then local transitions suffice. Additionally, notice that
the construction would still work with a set 7" of infinite size, so we could consider RAA where processes
synchronize by agreeing on, say, an integer.
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a,b,c
OIROL @c;s O=CR0=1 @Da,b
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6170 b,c @ b @ a

Figure 3: On the left, the RAA from Example[2l On the right, its translation to an AA.

Corollary 4. Every language recognized by an RAA over C and P, where |T| = 1, can be recognized by
an LAA over (C,Fdom) and P.

We illustrate this construction in Figure Bl Note that for this particular example the general construc-
tion is not optimal. For example, process p is made to listen to b but can never block a communication
on this channel with all states having a self-loop on reading b. Thus, one could safely remove the letter b
from the alphabet of p. By doing similarly on other processes, one can get back the AA from Example [T}

There is an alternative construction that does not require all processes to listen to all channels. If one
process does while also storing the state information of every other processes, then it can simulate the
original automaton by itself; meanwhile every other process can listen to an arbitrary set of channels as
long as they accept every communication. In other words, one process serves as a centralized executor
of the simulation, while others simply need to be non-blocking. With a centralized executor there is no
point in having computation done anywhere but in the centralized executor. By abuse of definition we
still refer to such a domain function as a complete domain.

In the next section we show that there is no hope of finding a transformation that does not require a
complete domain.

4 'Trivializable, Fully Listening, and Trivial

The method described above is a general method to transform a reconfigurable asynchronous automaton
into an equivalent fixed asynchronous automaton, with the cost of needing a complete domain function.
It is of course possible that for some particular examples such a heavy construction is not needed, and a
translation with a much smaller domain could be possible. However, we show that there is no better (in
terms of channel domain) general translation by giving an example of an RAA such that every equivalent
AA relies on a complete domain.

The idea is to allow every possible subset of channels to be either fully independent, that is every one
of those channels can be used in parallel, or make them sequentially dependent, that is they can only be
used in a certain order. This status can be switched by a communication on a separate channel (that all
processes listen to), called the switching channel. Moreover, after enough switches, a different channel
will serve as the switching channel. That way, all channels have the opportunity to serve as the switching
channel, given enough switches. Our construction does not use data values during communications.
Thus, already the weakest form of RAA is enough for this example.
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4.1 Description of the switching RAA

Let P={p1,...,pu}- We fix C ={cy,...,cn,cns1}, that is, we have one channel per process and one
additional channel to be used as switching channel (dynamically).

For all sc € C (sc stands for switching channel), fix <y an arbitrary total order over 20\se} | with
the only requirement that @ be the minimal element. Intuitively, a set in 2€\{5¢} will represent the set
of dependent channels, and a switch will go to the next one with respect to <. Let us denote by
inc. : 20\sek 5 2C\seh y {1} the function that returns the next set according to <y or L for the
maximal element.

Additionally, for every subset D C C, we fix 421 : C — C a function that cycles through all elements
of D and is the identity on C'\ D. For convenience we write d+°1 for 421(d). We also define -P1: D — D
the inverse function and use the same notation. Namely, for every d € D we have (d-P1)41 = d and
(d4P1)-P1 = d. We denote by cp € D an arbitrary element of D.

Finally, we set T = {t}, and omit the message content component in transitions.

We build 7, = (Sp,sg,Ap,Lp) for p = py. as follows:

* S, ={(c,s¢,D,d) | c,sc € C,D CC\ {sc},d € DU{c}}, and s?, = (ckyCns1,0,ck).
The first component is the channel assigned to this process, initially ¢ for process py, but may
change if ¢; becomes the switching channel. The second component is the current switching
channel, initialized to ¢, for all processes. Component D represents the set of channels that

are currently dependent, and d is the next channel that <7 is listening to on which it is expecting
communication.

* All processes listen to the switching channel and their assigned channel, plus the previous one if
D contains the assigned channel:

[ {sc,c,cP1} ifceD
LP(C’SC’D"’)—{ {sc,c} iteg D

e The transition A, is the union of the following sets .

{((c,sc,D,c),c,(c,sc,D,c-P1))} (1)
{((¢,s¢,D,c-P1),c-P1,(c,s¢,D,c)} 2

The first two kinds of transitions handle the independence of all channels in C \ D and the cycling
through the channels of D. If ¢ ¢ D then ¢ = ¢-P1. In this case, the first two sets simply say that
a transition on c is always possible. If ¢ € D, then the process awaits until it gets a message on
c-P1 and then is ready to interact on c. After interaction on c it awaits another interaction on ¢-21.
It follows that all the processes owning the channels in D enforce together the cyclic order on the
messages in D. This part is further illustrated in Figure

Remaining transitions describe what happens when a switch occurs.

{((c,s¢,D,d),sc,(c,sc,D';c)) | D' = inc. (D) # L and ¢ = cpy } 3)
{((¢,s¢,D,d),sc, (c,sc,D',¢c-P1)) | D' = inc._(D) # L and ¢ # cpr} 4)
Sets three and four describe what happens when the next set according to <y is defined. In this

case, the next set becomes the new set of dependent channels D. Set three handles the case of the
process that is in charge of the channel becoming the first channel to communicate on the new set
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~--"n-1

Figure 4: Illustration of how the order on the channels in D is maintained. We consider the case where
D ={l1,...,n} and p; is in charge of channel i. The order between the channels is the natural order on
{1,...,n}. The black token indicates the current state for each process. Transitions that are on the same
channel are connected with a dashed line. The system is set up for next communication on channel 1 and
all other channels are blocked. Indeed, both processess listening to channel 1 are ready to interact on 1
(py in state (1,n+1,D,1) and p; in state (2,n+ 1,D, 1)) and for every other channel i > 2 process i is
awaiting communication on i — 1 (p; in state (i,n+ 1,D,i— 1)) so channel i is not enabled.

inc< (D). This process is ready for communication on this first channel. The fourth set handles
the case of all other processes. All other processes are either in charge of channels in D', in which
case they set themselves to await a communication on the previous in D’ or they are in charge of
channels not in D’ in which case, ¢ and ¢-2'1 = ¢, and the process is ready to communicate on c.

{((c,sc,D,d),sc,(c,s¢€1,0,c)) | inc< (D) = L and ¢ # sc€1} (35)
{((c,sc,D,d),sc, (sc,sc€1,0,s¢c)) | inc (D) = L and ¢ = sc£1} (6)

Finally, sets five and six describe what happens when the next set according to < is undefined.
In this case, the next dependent set becomes (). Most processes just set the dependent set to @
and allow communication on “their” channel (set 5). The process that was in charge of the new
switching channel sc-1 takes over the old switching channel sc and is ready to communicate on
it (set 6). Notice that communications on the switching channel affect all processes. The change
in D and the change of the switching channel is further illustrated in Figure

An illustration of the whole construction for n = 2 (i.e. 2 processes and 3 channels) is given in
Figure[6l There we have processes P = {p, ¢} and channels C = {1,2,3}. Initially p is assigned channel
1 and g channel 2, while channel 3 is the switching channel. We chose as order for the dependent sets the
following order: @ <3 {1} <3 {2} <3 {1,2}. The blue states illustrate the moment when the dependent
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Figure 5: Illustration of how the set D and the switching channel sc change whenever there is a commu-
nication on sc. We consider the case where there are three processes and four channels. Each column
corresponds to the status after one more communication on sc. Each channel is in turn the switching
channel starting with 4. The channels in D at a certain time/column are marked with a black box. We
cycle through the states in {1,...,4} \ {sc} according to set size first and then lexigographically on the
sorted set.

set has two channels that must be used in the correct order (1 — 2 — 1 — ...). The red transitions lead
to a change in the switching channel. At that point, 1 becomes the new switching channel. Thus p gets
a new assigned channel (3, i.e. the previous switching channel), while ¢ keeps its old assigned channel.
After enough changes of the switching channel, the state cycles back to the initial state for both.

Let 7 be the parallel composition of (.27,). A state for one process keeps track of 3 channels and one
set of channels, so its size is in O(n.2"). Therefore, the size of the state space of <7 is in O((n?.2")").

4.2 Asynchronous Automata Construction

We show that an AA that recognizes the same language as <7 has the following property: for each process
p, either p listens to every channel (dom_l( p) = C), or from every reachable state there is a path to a
bottom strongly connected component that is complete w.r.t. dom ™" (p). That is, for every state s in this
bottom SCC and for every channel in dom ™' (p) the transition (s,c) is defined. In the former case, we
call p fully-listening. In the latter case, we say that p is trivializable, as once it is in this bottom SCC it
always includes transitions for all the channels it listens to. Thus, p becomes irrelevant to the rest of the
computation.

Theorem 5. Let A be an AA such that £ (B) = £ (). Each process in A is either fully-listening or
trivializable.

Proof. Let B = ((Sp)pep, (s9) pep, (84)acx), and let p € P. Assume that p is not fully-listening, so let
C,= dom™(p) € C. In particular, let c € C\ C » be a channel that p does not listen to.

Let s, be a reachable state for p in . Then there is w a computation in .Z’(%) such that p reaches
state s, after w. Consider the same computation in .27, and let sc be the current switching channel in .2/
at the end of w. Letsc-cjy-...-c,—1 - ¢ be the sequence of channels from sc to ¢ according to the order
from 1. Then there is a continuation w’ of w of the form sck -clf‘ - -cﬁ”j | with ko,...,k,—; € N such
that:

c ww' € Z(A),
e after w/, ¢ is the current switching channel and the dependent set D is 0.

From this, every continuation w” € (C\ {c})* is still in .£(.</) and does not change the switching chan-
nel or the dependent set. In particular, every w” € (dom™'(p))* maintains that w-w’-w” is also in
L () = £(PB). Therefore, from the state reached in £ after ww', there is a path to a strongly con-
nected component that will implement all transitions in dom ™! (p), i.e. a complete one. O
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A process that is trivializable may become irrelevant. This means that there are pathological runs
where only fully listening processes are active in the computation while others passively accept every-
thing. However, trivializable processes may still initially participate in the computation. Nevertheless,
for the languages given in this section, we show that there exists an alternative initial configuration of the
system where trivializable processes actually start trivialized. This means that, in essence, all the machin-
ery required for doing the entire computation is present within the remaining fully listening processes
only.

Given a language . and a word w let w\.& = {w' | ww' € £} and let pref (L) ={w | IW . ww' €
Z}. Alanguage & is repetitive if for every word w € pref (.£) there exists a word w’ such that ww'\ & =
Z.

Lemma 6. The language £ (<) is repetitive.

Proof. Consider a word w and the configuration of &7 reachable after reading w. All processes in &/
agree on the set D and the channel sc. Every communication on sc increases the set of dependent channels
in the order < until reaching the set D’ such that inc.(D’) = L. An additional communication on sc
then leads to the switching channel being updated to sc{€1.

So after at most 2" communications on sc the switching channel becomes sc-1. Let wq be the word
that leads to the switching channel changing.

For every channel, ¢;, when the dependent set is @ the sequence (c,-)2" leads to the change of the
switching channel from ¢; to ¢;€1.

Let sc = c®, ¢!, ..., c* be the sequence of switching channels ending ¢*€1 = ¢, 1.

It follows that wg - (c')?" -+ (c*)?" leads &7 to setting the switching channel to c,. ;. At that point
all processes in .27 are in their initial states except for their assigned channel, which is shifted by one.
Namely, process p; ends up in state (ck—(c\{c"*l})l,cnﬂ,@,ck).

Now let wipop = cﬁil s ---cﬁn. Each application of wjop again shifts assigned channels by one.
So after n — 1 applications, each process finishes in its initial state. From this configuration the residue

language is .Z (7). O

Using repetitiveness we can strengthen our result as follows. A process is frivial if its initial state
lies in a bottom strongly connected component that is complete w.r.t. dom_l( p). Given an AA A =
((Sp)pep; (s9) peps (8a)acx) and an alternative initial configuration 7 = (1)) ,cp We denote by Z(7) the AA

%(?) = ((Sp)pePa (tg)pele (Sa)aez)-
Theorem 7. Let & be an AA such that £ (B) = L (). There exists an alternative initial configuration
T = (to) pep such that £ (B(t)) = £ (<) and each process in B(7) is either fully-listening or trivial.

Proof. Let % be an AA equivalent to <. By Theorem[3lthere exists a word w such that after reading w all
processes in 4 that are not fully listening reached a bottom SCC, where they accept all communications
on all channels they are listening to. By Lemmal6) there exists a word w’ such that ww'\ % (%) = £ (B).
Let 7 = (t)) cp be the states that processes in 2 reach after reading ww'. Then £ (#(7)) = .£(#). The
theorem follows. O

5 Conclusion and Discussion

We study the addition of reconfiguration of communication to asynchronous automata. We show that
in terms of expressiveness, the addition does not change the power of the model: every language rec-
ognized distributively by automata with reconfigurable communication can be recognized essentially by
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the same automata with fixed communication. For deterministic automata this also means that the two
are bisimilar. The same is (obviously) true in the other direction. However, the cost of conversion is
in disseminating widely all the information and leaving it up to the processes whether to use it or not.
We also show that this total dissemination cannot be avoided. Processes who do not get access to the
full information about the computation become irrelevant and in fact do not participate in the distributed
computation.

The issues of mobile and reconfigurable communication raise a question regarding “how much” com-
munication is performed in a computation. Given a language recognized by an asynchronous automaton
(distributively), the independence relation between letters is fixed by the language. It follows that two
distributed systems in the form of asynchronous automata accepting (distributively) the same language
must have the same independence relation between letters. However, this does not mean that they agree
on the distribution of the alphabet. In case of two different distributed alphabets, what makes one better
than the other? This question becomes even more important with systems with reconfigurable communi-
cation interfaces. Particularly, in reconfigurable asynchronous automata, the connectivity changes from
state to state, which makes comparison even harder. How does one measure (and later reduce or min-
imize) the amount of communication in a system while maintaining the same behavior? We note that
for the system in Section 4} the maximal number of channels a process is connected to is four regardless
of how many channels are in the system. Dually, the asynchronous automaton for the same language
requires every process that participates meaningfully in the interaction to have number of connections
equivalent to the parameter n. Is less connectivity better than more connectivity?

The issues of “who is connected” and “with whom information is shared” also have implications for
security and privacy. Reconfiguration allowed us to share communication only with those who “need
to know”. Fixed topology forced us to disseminate information widely. If we intend to use language
models and models of concurrency in applications that involve security and privacy we need a way
to reason about dissemination of information and comparing formalisms also based on knowledge and
information.
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