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Abstract. Team automata were introduced as a flexible extension of
1/0 automata to model collaborative behaviour in component-based and
distributed systems. Their distinctive features include multi-party com-
munication and a liberal synchronisation mechanism: components may
jointly execute shared actions according to synchronisation policies that
specify which subsets of components participate as senders or receivers.
While this makes team automata well suited for modelling coordination,
existing communication is synchronous and therefore insufficient for cap-
turing certain behavioural aspects (e.g., due to message reordering) of
modern networks and distributed systems, in which communication is
typically asynchronous and message delays are unpredictable.

In this paper, we introduce asynchronous team automata (ATeams),
which extend team automata with buffers to model asynchronous com-
munication, in addition to conventional synchronous interaction. ATeams
support individual interactions involving multiple senders and receivers,
unlike well-known asynchronous models such as communicating finite-
state machines and multi-party session types. We formalise the syntax
and operational semantics of ATeams, study well-formedness and well-
behavedness conditions, and present the prototypical A-Team tool that
supports specification, animation and automated checks. This proposes
ATeams as a unifying semantic foundation for modelling and analysis of
heterogeneous synchronous—asynchronous multi-party interactions.

1 Introduction

Team automata have originally been proposed for modelling components of
groupware systems and their interconnections [38]. They were inspired by Input/
Output (I/0) automata [53] and in particular inherit their distinction between
internal (private, i.e., not observable by other automata) actions and external
(i.e., input and output) actions used for communication with the environment
(i.e., other automata). The underlying philosophy was that automata cooperate
and collaborate by jointly executing (synchronising) transitions with the same
action label (but possibly of different nature, i.e., input or output) as agreed
upfront. Team automata were formally defined in terms of component automata
that synchronise on certain executions of (common) actions according to specific
synchronisation policies [19]. Technically, team automata are an extension of I/O
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automata [24], since a number of the restrictions of I/O automata (in particular
input-enabledness and disjointness of output actions) were dropped for more flex-
ible modelling of several kinds of interactions in groupware systems. Unlike I/O
automata, team automata impose hardly any restrictions on the role of actions
in components and their composition is not limited to the synchronous product.
Composing a team automaton requires defining its transitions by providing the
actions and synchronisations that can take place from the combined states of the
components. Each team automaton is thus a composite automaton, defined over
component automata, the transitions of which are exactly those combinations
of component transitions that represent a synchronisation on a common action
by all the components that share that action (possible involving multiple send-
ing and receiving actions). The effect of a synchronously executed action on the
state of the composed automaton is described in terms of the local state changes
of the automata that take part in the synchronisation. The distinguishing fea-
ture of team automata is this very loose nature of synchronisation determined
by synchronisation policies that define how many component automata can par-
ticipate in the synchronised execution of a shared external action, either as a
sender (i.e., via an output action) or as a receiver (i.e., via an input action).
This flexibility makes team automata capable of capturing in a precise manner
a variety of notions related to coordination in distributed systems (of systems).

Motivation. Most distributed systems and real networks (e.g., the Internet)
are asynchronous, with unpredictable message delays. Modelling this explic-
itly thus allows the verification of subtle properties (e.g., deadlocks, causal
counsistency) that depend on message reordering and delay. Synchronous mod-
els, on the other hand, can silently hide certain behaviour (e.g., long message
delays, message reordering) that does occur in practice and may lead to bugs
in actual deployment. This has been acknowledged in actor-based and object-
based programming models and languages such as Erlang, Rebeca, ABS, and
Akka [1,4,41,44,46,47,52].

Contribution. We investigate asynchronous team automata (ATeams), in
which component automata use either FIFO channels or multisets to act as
buffers for asynchronous communication (like in asynchronous multi-party ses-
sion types [43] or communicating finite state machines (CFSMs) [29,34]), in addi-
tion to synchronous communication based on simultaneous execution of shared
actions (as common in related models like contract automata [11,12] or chore-
ography automata [7,8]). However, CFSMs and related asynchronous models
are based on peer-to-peer communication. Therefore, as sketched in Fig. 1, the
challenge is how to generalise their approach by taking into account multi-party
communication specified by synchronisation types. Moreover, multi-party ses-
sion types and other choreography models typically enrich local actions with the
names of the communication partners (e.g., a binary interaction n — m:a leads
to a local output action n m!a for n and a local input action nm?a for m). In
team automata and other component-based development approaches supporting
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interface-based design [2,19,51,53], on the other hand, transitions describing
local behaviour are often labelled just by message names accompanied by infor-
mation on whether the message is output or input of a component (e.g., a binary
interaction n — m:a leads to a local output action a! for n and a local input
action a? for m). In [22], we coined the former “rich local actions” and the latter
“poor local actions”. From a software designer’s point of view, the poor localisa-
tion style better supports the principle of loose coupling, whereas the rich style
better avoids undesired synchronisations.

To address the challenge outlined above and sketched in Fig. 1, we formalise
the syntax and operational semantics of ATeams, provide well-formedness and
well-behavedness conditions that guarantee desirable properties regarding the
structure and behaviour of ATeams, and present the prototypical A-Team tool
that supports the specification, animation and automated checks of ATeams.

Current Team Asynchronous
Automata multi-party binary P2P models (e.g.,
CFSM)

synchronous asynchronous

al a? nmla nm?a

Fig. 1. This paper’s challenge: equip team automata with asynchronous communication

Outline. We start by motivating ATeams via elementary illustrative examples
(in Sect.2.1), followed by defining its syntax (in Sect.2.2) and semantics (in
Sect. 2.3). We then present desirable properties of ATeams with respect to its
structure (well-formedness, in Sect.2.4) and its behaviour (well-behavedness,
in Sect.2.5). and describe the A-Team tool to animate and analyse systems in
ATeams, which supports fast experimentation (in Sect.3). We discuss related
work in Sect. 4 and conclude in Sect. 5.

2 Asynchronous Team Automata

This section introduces asynchronous team automata (ATeams), starting with a
motivating example before presenting the syntax, operational semantics, and
some desirable properties. We refer to a concrete instance (automaton) of
ATeams as a system, consisting of a set of communicating concurrent components
(automata) enriched with synchronisation types restricting their communication.
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We have developed in Scala and JavaScript a prototypical companion tool,
called the A-Team, to analyse ATeams. This open-source tool can be used online
or downloaded at https://fm-dcc.github.io/a-team and is described in Sect. 3. All
examples in this paper are predefined in the tool, like the synchronous Raceg,
including a hyperlink to open the tool with the specific example.

2.1 DMotivating Race Example

We illustrate ATeams using different variations of the Race example, spec-
ified in Fig.2 and borrowed from recent work on Team Automata [18,23].
The leftmost version is the synchronous version of Team Automata, in which a
controller Ctr simultaneously asks two runners R to start a race, who then reply
one at a time once they finish. The initial acts block declares that the action
start can be used to communicate between one sender and two receivers (1->2),
and uses synchronous communication, while the finish uses 1-to-1 communica-
tion. The second proc block defines a set of recursive processes using a variation
of CCS [54], and the third init block specifies the agents being executed.

// Synchronous Race® // Async. Race (sender)® // Async. Race (global)@
acts acts acts
start: 1->2, sync; start: 1->2, fifo@snd; start: 1->2, fifo@global;
finish: 1->1, sync; finish: 2->1, fifo@snd; finish:2->1, fifo@global;
proc proc proc
Ctr = start!.finish?.finish?.Ctr Ctr = start!.finish?rl,r2.Ctr Ctr = start!.finish?.Ctr
R = start?.finish!.R R = start?c.finish!.R R = start?.run!.finish!.R
init init init
ctr || R || R c:Ctr || rl:R | r2:R ctr || R || R

Fig. 2. Variations of the Race example in ATeams

The other Race examples use FIFO buffers to communicate asynchronously.
The middle Race example[z specifies that the start actions must be buffered
at the sender side (fifo@snd). Consequently, the runners must specify who is the
sender, writing start? ¢ to state that the buffer can be found in agent ¢. Similarly
for finish. The rightmost Race example @ instead uses a single global FTFO queue,
shared by all messages, hence no references to senders or receivers are needed by
the components. This freedom to intertwine different interaction patterns, and
even different buffer types, facilitate experimenting with the impact of modifying
the communication channels. One can specify, e.g., the notion of mailbox in
Rebeca [1], and the notions of multicast and broadcast in computer networks.

The semantics of these three Race systems are not the same. The synchronous
semantics can more compactly describe, in a single transition, the execution of
actions from multiple agents, while the asynchronous semantics requires more
actions for each sending and receiving. More importantly, these versions can have
undesirable behaviour. For instance, the middle Race exampleg can deadlock if
the same runner reads the start message before the other runner. The rightmost
Race example[?’l does not deadlock, but allows a runner to start twice before the
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other runner starts, which may not be the intention. All such undesired behaviour
can be detected using our A-Team implementation online (cf. Section 3).

2.2 Syntax

We consider a global set of agent names n € A, action names a € A, process
names K € K. We also write P € P to range over process definitions and st € S
to range over synchronisation types, defined in Fig. 3.

P=K|0|a.P|P+P (process)
a:=al|a?|alm|a?n (action)

st := (sync, intrv, intrv) | (async, intrv, intrv, buft, loct) (synchronisation type)
intrv := (4,1) | (4, 00) (interval)
buft := fifo | bag | ... (buffer type)
loct := @snd | @rev | @global | @snd-rev (location type)

Fig. 3. Syntax of processes and synchronisation types, where ¢ € N and 7 denotes a
non-empty sequence of agent names in A

A process P is a variation of a CCS process [54] where (1) send and receive
actions can explicitly state who are the target processes, and (2) each interac-
tion can involve multiple senders and receivers (as in team automata). Internal
actions, which are actions not used in the interactions [18], are not considered
here for simplicity. A synchronisation type describes the synchronisation mode
of a given send/receive action, i.e., whether communication is (1) synchronous
(requiring interaction between all senders and receivers to occur atomically), or
(2) asynchronous (using a buffer for interaction between senders and receivers).
In the asynchronous case, actions are sent without blocking and are later con-
sumed by their corresponding receivers. Depending on the location type, a new
buffer is instantiated for each sender (@snd), for each receiver (@rcv), globally
(@global), or for each pair of sender and receiver (@snd-rcv).

Finally, a system is defined as a triple sys = (v;0;p), in which v: K — P
is a function mapping process names to their (recursive) definitions, 0 : A — S
maps action names to their synchronisation types, and p : N'— P maps agent
names to their process definitions.

2.3 Operational Semantics

We define the semantics of a system using a small-step (operational) semantics
over a configuration, which intuitively captures the current state of the processes
and of the buffers of the asynchronous channels. We consider global sets of
locations L= (N U{L}) x (WU{L}) and buffers B, writing ¢ and B to range
over L and B, respectively.
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Intuitively, each location consists of an optional sender snd € A and an
optional receiver rcv € N. A location type denotes whether the sender, the
receiver, or both are specified. For example, we write £ = (n, m) to denote the
location where n is the sender and m is the receiver (i.e., £ has location type @snd-
rcv). In this case, both the sender and the receiver know each other. In locations
of type @snd (e.g., £ = (n, L)) the receiver knows who deposited the message in
the buffer, i.e., the sender n, but the sender does not know who will consume
this message, i.e., it could be any receiver. This is analogous for locations of type
Orev (e.g., £ = (L, m)). In locations of type Q@global, where £ = (L, 1), the sender
is unknown to the receiver and the receiver is unknown to the sender.

Each buffer B is an algebraic structure such that B’ = B®a adds an element a
to the buffer, and B’ = BOa consumes a from the buffer. Our semantics considers
that @ always succeeds! (non-blocking additions) and © only succeeds if the
given value is available. Our prototypical implementation (cf. Section 3) currently
supports unbounded FIFO queues (describing order-preserving communication)
and multisets (describing unsorted message passing, called bags).

Finally, a configuration in our semantics is a pair (p, 3), with p as before and
0B : L — B maps locations to buffers. A configuration evolves by the transition

{p,B) i»%g {0/, B"), where X is a global label for ATeams that can either be an
(asynchronous) action « or a (synchronous) interaction @ — 7 : a, and ~, o pro-
vide the context with a fixed set of definitions of processes and synchronisation
types. The operational rules are presented in Fig.4 (for synchronous communi-
cation) and Figs.5 and 6 (for asynchronous communication), using the notation
introduced below. Given a system (v, 0, p), the initial configuration is (p, 5o),
where [y initialises each buffer to an empty buffer, based on the location types
and on the set of existing agent names, and the context is given by v and o.

(3
a , @ , 0
const 2= P ypesy PREFIX——  suMmL—E= P gy 2@
K5 P aP P P+Q % P P+Q % @
a:(sync, from, to) € o #snds € from F#rcus € to

! m
snds C {n:s' | n:s € p,s > 'Y U {n:s' | mis € p,s — 8/, 7 C dom(rcws)}

a?m

revs C {n:r' | nir € p,7 LLN '} U{nr' | mr € p,r —— 7', C dom(snds)}

(0, B)

SYNC

dom(snds)—»dom(rcvs):a

(p W snds W revs, B)

Fig. 4. Operational rules for processes and synchronous communication

Notation. Given a function M, we write M W M’ to denote the function M
updated with the function M’ i.e., (MW M')(k) = v iff M'(k) =vor M(k)=v

! Exceptionally, @ fails when trying to add an action associated with a buffer type that
differs from the existing buffer. Well-formedness conditions (in Sect.2.4) guarantee
that this will never happen.



Asynchronous Team Automata 33

alm

a:(async, _,to, ,@rcv) €0 nis€p s—>s  #meEto
all & succeed mCy

SEND@QRCV
alm

(p, B) —= (pW {m:s'}, BW{(L, m):(B(L,m)Da) | mem})

a:(async, _,(t,t), _,0snd) €0  mnis€p s g all @ succeed

(0,8) 25 (pw {n:s'}, B {(n, L):(B(n, L) ®ad - Ha)})

t times

SEND@SND

a:(async, _, (¢, t),_,Qglobal) e nis€p s ¢ all @ succeed
B) 2 (pw {n:s'y, B {(L, L):(B(L, L
(p,B) = (pw{n:s'}, W {(L, L):(B(L, L) ®ad---Da)})

t times

SENDQGLOB

alm

a:(async, _,to, ,@snd-rcv) €0 nmis€p s—— s  #mEto

all & succeed mCy
SENDQSND-RCV

alm

(p,B) == (p W {n:s'}, B {(n, m):(B(n, m) ®a) | m € m})

Fig. 5. Operational rules for asynchronous communication (sending)

whenever M’ (k) is undefined. Moreover, we write k:v € M whenever M (k) = v
and we write dom(M) to denote the domain of M. Finally, we write (p, 3) 2,
(o', B') instead of (p, B) i»,yyg (o', 3), omitting the context for simplicity.

Example. Our Race example with fifo@snd communication is formalised by
the system (v, 0, p), with v = {start:(async, (1, 1), (2, 2), fifo, @snd), finish:(async,
(2,2),(1,1),fifo,@snd)}, 0 = {Ctr:start!.finish?r?,r2.Ctr,R:start?.finish!c.R},
and p = {c:Ctr,r1:R, r2:R}. The initial configuration is formalised by the pair
(p, Bo), with By = {(L,n):EmptyFifo | n € {¢,r1,72}}. Initially, only rule

c:start!

SEND@SND can be applied, evolving by (p, o) (p', ), where p’ maps ¢
to finish?r1,r2.Ctr and 3 maps (¢, L) to a FIFO buffer with two occurrences
of start.

Synchronous Rules. Rules CONST, PREFIX, SUM-L, and SUM-R in Fig.4 are
standard in CCS [54]. The empty process 0 is a special process that does not
evolve. Rule SYNC models the synchronisation over an action named a sent by
the senders in dom(snds) and to the receivers in dom(rcvs). The synchronisation
type of a, given by o(a) = (sync, from, to), captures that a is synchronous and
the number of senders (receivers, resp.) must be in the interval from (to, resp.).
Synchronously sending to or receiving from multiple agents does not guarantee
the maximal number of participants in a single action;? instead, any number
permitted by the synchronisation type and the available participants is allowed.

2 This differs from other approaches in the literature such as, e.g., broadcast commu-
nication in UPPAAL [25].
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a?m

a:(async,fr,_,_,@snd) €0 nis€p s——s  H#mefr
all © succeed mCy

(0, 8) =5 (pio{n:s'}, B {(m, L):(B(m, L) &) | m € m})

RECV@QSND

a:(async, (f,f), ,_,Q@rcv) €0 nis€p s g all © succeed

(p.8) 5 (pw {n:s'}, B {(L,n):(B(L,n) ©as--- S a))

f times

RECVQRCV

a:(async, (f,f),_,_,Q@global) e 0 nis€p s ¢ all ©succeed
(p.8) T {pw {mis'}, B{(L L:(B(L, 1) ©2 8- 0 )}

f times

RECVQGLOB

a?m,

a:(async, fr,_,_,@snd-rcv) €0 nis€p s—— s #mMEfr
all © succeed mCry

RECV@QSND-RCV
a?m

(p,B) == (pW{n:s'}, B {(m, n):(B(m,n) ©a) | m € m})

Fig. 6. Operational rules for asynchronous communication (receiving)

The sets of senders snds (receivers rcuvs, resp.) are obtained by updating the
state of the corresponding process to the target state of the sending (receiving,
resp.) transitions. Additionally, the send or receive transition may identify a set
of recipients 7. In this case, it is required that these recipients be involved in
performing the synchronisation (e.g., m C dom(snds)).

Asynchronous Rules. The asynchronous rules for sending are presented in
Fig.5, and those for receiving are presented in Fig.6. These are dual to each
other and are guided by a few guiding principles, explained below, describing
desirable properties of successful executions.

Principle 1: Asynchronous sending messages should not block.

This is mainly a consequence from requiring buffers to only block when being
consumed, and to always succeed when adding new elements. In rule SEND@QRCV,
a sender n sends a to a set of receivers m with cardinality within the interval
to defined by the synchronisation type o(a). Since the location type is @rcv, for
each receiver m € T, the message is added to its buffer (i.e., (L, m) @ a).
Rule SEND@SND-RCV is similar, but the message is added to the buffer 5(n, m),
identifying both sender and receiver. Rule RCVQSND is dual to SEND@QRCV. In
this case, instead of the receivers, the interval of senders fr is considered, and for
each sender m the buffer §(m, L) is updated by removing a message. Similarly,
rule RCV@QSND-RCV is the dual of SEND@QSND-RCV. In this case, messages are
removed from the buffer 3(n, m). This behaviour follows our next principle.

Principle 2: The sender or receiver of an asynchronous action must not be
explicitly mentioned when this is disregarded by the buffer location.
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Rule SEND@SND deposits the message in the buffer 3(n, L) of the sender, and
does not need to know the receiver. However, our semantics requires the number
of receivers to be known, leading to the next principle.

Principle 3: The number of asynchronous messages sent or received must be
deterministic.

In other words, the number of senders (receivers, resp.) must be known by
explicitly specifying the senders (receivers, resp.), or by using a singleton interval
in the corresponding synchronisation type. Hence, no set of receivers is identified
in rule SEND@SND and it is required that the interval of receivers in synchroni-
sation type o(a) is a singleton (¢,t). The buffer 5(n, L) is updated by adding ¢
copies of the message a. Rule SENDQGLOB is similar, but global buffer 5(L, 1),
which does not identify any sender or receiver, is updated. The receiving-side
dual of SEND@QSND is RECV@RCV. Similarly, RCVQGLOB is dual to SENDQGLOB.
In both cases, the interval of senders is a singleton (f, f), and f copies of the
message are removed from the buffer of the receiver n in the first case (i.e.,
B(L,n)), and from the global buffer 5(L, L) in the second case. Note that requir-
ing a singleton interval is only necessary to achieve a deterministic number of
asynchronous messages. This constraint can be lifted at the cost of introducing
non-determinism in the number of possible messages exchanged in the above
cases, thereby increasing the state space.

2.4 Well-Formedness

The operational semantics presented in Figs. 4 to 6 perform some well-formedness
checks at runtime. These include type checking the buffers (i.e., operations @
and © must succeed, cf. Sect.2.3) and enforcing Principles 2 and 3, i.e., they
constrain the synchronisation types of actions to singleton intervals from or to.
Indeed, problems that arise from violating the expected synchronisation types, or
by using unknown names of actions or agents, can lead to unexpected scenarios
in which no rule can be applied (triggering runtime errors in the A-Team tool, cf.
Section 3). To avoid these problems, we formalise below a set of well-formedness
conditions that can statically detect them, all of them implemented in A-Team.

Given a system (7; o; p), a process P occurring in «y or in p is said to be well-
formed if the 9 conditions in Fig.7 and the 10 conditions in Fig.8 hold. We
first discuss Fig. 7. Conditions (1), (8), and (9) are straightforward. Condition
(2) checks that an agent never tries to send a message to more senders than
specified in its synchronisation type; Condition (3) is the dual for the receiving
side. Conditions (4) to (7) avoid violating Principle 2, while Conditions (6) and
(7) also avoid violating Principle 3 (cf. Section 2.3).

Figure 8 displays the conditions for checking the well-formedness of buffer
types. The A-Team tool statically checks these conditions®. They ensure that
the buffer types declared by the actions are compliant with their usage within
processes: in particular, a specific buffer at a given location should have a unique
type. This in turn ensures that, in the semantic rules in Sect. 2.3, operation
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P=a.P = P’ is well-formed (1)
P=almP = a(_, ,to,...) Ec A#n € toAT C dom(p) (2)
P=a?n.P" = ai_,from,...) € o A#7 € from AT C dom(p) (3)
P=a!m.P' = (a:sync,...) € o Va:(async, , , ,@rev) € o
V a:(async, _, _,_,@snd-rcv) € o) AT C dom(p) (4)
P=a?n.P’" = (a:sync,...) €co Vai(async, , , ,0@snd) € o
V a:(async, _, _,_,@snd-rcv) € o) ATt C dom(p) (5)
P=al.P = a:(sync,...) € o Va:(async, ,(t,t),_,@snd) € o
V a:(async, _, (t,t), ,@glob) € o (6)
P =a?.p = a:(sync,...) € o Va:(async, (f, f)_,_,@rcv) € o
V a:(async, (f, f)_,__, @glob) € o (7
P =P, + P, = P; and P> are well-formed (8)
P=K = K: €v 9)

Fig. 7. Conditions for well-formedness

@ is always enabled (guaranteeing Principle 1), whilst operation © is never
disabled by mismatching buffer types. Here, act(P) denotes the actions occurring
in process P, structurally defined as act(a.P) = {a} U act(P), act(Py + P3) =
act(Py) Uact(Pz), act(0) = 0, and act(P) = act(K) when P = K.

Condition (1) ensures that all asynchronous actions written into (or read
from) the global buffer must declare the same (global) buffer type. Conditions
(2) to (4) deal with (asynchronous) actions with the same location type snd but
different buffer types. Condition (2) guarantees that every process n does not
place in its buffer 3(n, L) actions declaring different buffer type, whilst Condition
(3) checks that whenever a process n writes into its buffer 5(n, L) an action with
a specific buffer type, no other process may read from ((n, L) an action with a
different buffer type. Condition (4) ensures that all actions read from a sender
buffer 3(s, L) by processes declare the same buffer type.

Conditions (5) to (7) are used for (asynchronous) actions with the same
location type rcv but different buffer types. Condition (5) guarantees that all
actions inserted into a receiver buffer 3(L,r) by processes declare the same
buffer type. Similarly, Condition (6) requires that all actions read from buffer
B(L,r) by process r must have a declared buffer type consistent with that of
the actions previously written into S(L, r), whilst Condition (7) guarantees that
every process n does not read from its buffer 3(L, n) actions declaring different
buffer types.

Finally, Conditions (8) to (10) are used for (asynchronous) actions with the
same location type snd-rcv but different buffer types. Condition (8) stipulates
that a process n cannot place in a buffer 5(n, r) shared with a receiver r actions
declaring different buffer types. Likewise, Condition (9) demands that all actions
read from buffer 3(n, r) by process r must have a declared buffer type consistent
with that of the actions written into 8(n, r) by process n, whilst Condition (10)
guarantees that a process n cannot read from a buffer 3(r,n) shared with a
sender 7 actions declaring different buffer types.
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Va:(async, _, _, ba, @glob), b:(async, , ,bb, @glob) € o = ba = bb (1)

Vn:P € ~,Va:(async, _,_, ba, @snd), b:(async, _, ,bb,@snd) € o, ba # bb.
al € act(P) = b! & act(P) (2)

Vn:P,r:Q € ~,Va:(async, _,__, ba, @snd), b:(async, _, _,bb,@snd) € o, ba # bb.
al € act(P) Ab?m € act(Q) = n & m (3)

Vn:P,r:Q € ~,Va:(async, _,_, ba, @snd), b:(async, _, _,bb,@snd) € o, ba # bb.
a?m; € act(P) Ab?mz € act(Q) =m; Nmy =0 (4)

Vn:P, r:Q € ~, Ya:(async, _, _, ba, @rcv), b:(async, _, ,bb, @rcv) € o, ba # bb.
alm; € act(P) Ablmz € act(Q) =m; Nmy =0 (5)

Vn:P, r:Q € ~,Va:(async, _,__,ba, @recv), b:(async, _,_,bb, @rcv) € o, ba # bb.
alm; € act(P) Ab? € act(Q) =r ¢&m (6)

Vn:P € ~,Va:(async, , _,ba,@rev),b:(async, , ,bb,@rcv) € o, ba # bb.
a? € act(P) = b? ¢ act(P) (7)

Vn:P € ~,Va:(async, __, _,ba, @snd-rcv), b:(async, _, , bb, @snd-rcv) € o, ba # bb.
almy, blmy € act(P) =m; Nmz =0 (8)

Vn:P, r:Q € ~,Va:(async, _,_,ba, @snd-rcv), b:(async, _, , bb, @snd-rcv) € o, ba # bb.
alm; € act(P) Ab?mz € act(Q) = n & my 9)

Vn:P € ~,Va:(async, _,_,ba, @snd-rcv), b:(async, _, , bb, @snd-rcv) € o, ba # bb.

a?my, b?my € act(P) =m; Nmz =0 (10)

Fig. 8. Conditions for well-formedness of buffer types

Note that some process may violate these conditions even if at runtime it will
never raise buffer type errors. For instance, the process a! 4+ b! such that both
a and b have location type Q@glob but different buffer types, violates Condition
(1). Indeed, the global buffer has an inconsistent type declaration by actions a
and b. However, at runtime this error will never occur.

2.5 Well-Behavedness

This section presents conditions that guarantee well-behavedness, to comple-
ment the previous well-formedness conditions. While well-formedness conditions
can be checked syntactically, well-behavedness conditions require traversing all
reachable states. These conditions are organised below into five subsections and
are inspired on existing asynchronous models like CFSMs [29], i.e., with only
binary peer-to-peer asynchronous communication and with rich local actions.
We include several literature references to motivate and justify these conditions,
anticipating the related work in Sect. 4.
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Compliance and compatibility of components have been recognised as funda-
mental properties for component-based and distributed systems for guaranteeing
safe (successful) communication [2,9,10,14-16,21,28,31-33,36]. We extensively
investigated requirements for safe communication in the context of (synchronous)
team automata [15,20,21]. We defined a generic procedure to derive requirements
for receptiveness and responsiveness that guarantee absence of message loss (out-
put actions of one component not accepted as input by some other component)
and indefinite waiting (for input to be received in the form of an appropriate out-
put action provided by another component), respectively. A team automaton is
defined to be compliant with a given set of communication requirements (in the
form of receptiveness and responsiveness) if in each of its reachable states, the
desired communications can occur immediately.> We implemented both notions
in the A-Team tool, which is described in Sect. 3. However, in asynchronous com-
munications the messages spend time in buffers, hence we focus on those in our
quest for well-behavedness conditions for ATeams.

Receptiveness and Responsiveness. According to guiding Principle 1, the
sending action in an asynchronous communication in ATeams is never blocked,
meaning that receptiveness properties (ensuring that a message is eventually
sent) are always satisfied. Receiving actions, however, block until they are avail-
able in the buffers, giving room to responsiveness problems (when none of the
receiving options is available at a given point). For CFSMs, in [29], it was studied
how to avoid unspecified reception configurations, in which there is a receiving
state unable to receive a message from its buffers because in each channel from
which it could consume there is a message which it cannot receive in that state.

The A-Team tool detects both (synchronous) receptiveness and (syn-
chronous and asynchronous) responsiveness problems. For example, in our
synchronous Race exampleg, the tool produces the warning that “I can receive
start, but the system cannot (yet) send it: {0: finish?.Ctr, 1: R, 2: finish!.R}.”,
where 1 is the name given to the first runner. The asynchronous versions raise
similar warnings, e.g., the version with global buffers gives six responsiveness
warnings, including that “r! can receive start, but the system cannot (yet) send
it”. No receptiveness warnings are detected in these examples. The weaker ver-
sions of these communication properties® are not implemented, i.e., to detect
that a sending or receiving action can eventually be performed after the rest
of the system evolves, which would require a more complex analysis (cf. [18]).
In our experience, most asynchronous examples are not (strongly) responsive,
i.e., it is likely that a process has to wait until a given receiving action can be
performed, suggesting that ensuring this property may not be useful in most
scenarios. Hence we expect the weaker form to be more useful.

Absence of Orphan Messages. For multi-party session types, it was studied
in [35] how to avoid orphan message configurations (with each component in a

3 A team automaton is defined to be weakly compliant if the communication can even-
tually occur, possibly after some other actions have been performed (cf., e.g., [23]).
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final state, but still at least one non-empty buffer). For I/O transition systems,
in [42] a notion of asynchronous compatibility was defined, which guarantees that
in any reachable configuration, if there is a channel (buffer) with a message on
its top position, then some component can consume (receive) it. However, as for
CFSMs, in both cases only binary peer-to-peer communication is considered.
The A-Team tool detects scenarios with orphan messages when there are
non-empty buffers with messages sent to agents that successfully terminated.
We added an example of a coffee machine™ that starts with an extra coin and
can terminate after receiving coffee. In this example, a coffee can be left in the
buffers, leading to the warning “Agent u terminated and has incoming messages”.

Absence of Infinite Buffers. The semantics of asynchronous communication
in ATeams uses unbounded buffers, assuming that adding new messages never
fails. Consequently, it is possible to model a scenario in which a buffer keeps on
growing indefinitely. In previous work, we addressed this problem in the context
of asynchronous choreographies, using a pomset structure for the semantics [37]
and borrowing the notion of dependent guardedness to restrict recursion from
Rensink and Wehrheim [58]. The actor-based Rebeca model [1] also includes
analyses to detect if the buffers storing messages between agents are bounded.
Inspired by these approaches, the A-Team tool can detect simple scenarios
with infinite buffers, namely when a sender sends a message asynchronously
but its state remains unchanged. This can happen, e.g., in a variation of our
asynchronous race with an unbounded buffer? that can grow indefinitely,
whereas the controller can ask the runners to rest without waiting for an acknowl-
edgement. This leads to the warning: “can send rest!ri,r2 forever: c: Ctr, r1: R,
r2: R”. Our tool can also detect a similar loop in a larger case study by Pal et
al. in the context of Italian Healthcare [56]. This healthcare examplerj specifies
the local behaviour of each agent, using 1-to-1 interactions, used by Pal et al. to
push the limits of their approach to reason about realisability based on pomsets.
The authors compare the performance using both a synchronous and an asyn-
chronous semantics, without comparing behavioural differences, and unfolding
the loops a small number of times. In our example, these interactions are spec-
ified as being synchronous, but changing them instead to being asynchronous
triggers a warning that the sending of proc! gDH can be executed indefinitely.

Absence of Deadlocks. The relationship between deadlock-freedom, used in
many different disguises in the literature, and communication properties for team
automata is subtle, mainly because the distinction between input and output
actions is not relevant for the more traditional notions of deadlock and because
typically global and local deadlocks are distinguished [5]. In case of some specific
assumptions on the synchronisation types (cf. [21]), weak versions of receptive-
ness and responsiveness can be used to guarantee (global) deadlock-freedom, in
the sense of BIP [40], choreography automata [7], or stuck-freeness in multi-party
session types [59]. However, global deadlock-freedom does not imply receptive-
ness, as we discussed in previous work [23]. For CFSMs, finally, it was recently
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studied in [6] how to guarantee lock-freedom (for any reachable configuration,
there is no component in a receiving state that never receives a message in all
possible transition sequences from that configuration).

The A-Team tool detects some global deadlocks by searching for states where
no action can be performed, but some individual agent can still evolve; e.g., the
version of the Race example that uses fifo@snd® has a deadlock, resulting in the
message “Deadlock found: c: finish?r1,r2.Ctr, r1: R, r2: R, r2->_=>[finish, finish]”
(and a symmetric one in which r! rather than r2 is started twice in a row).

3 Tool Support

Input program @ E-NO) Well-behaved? @
1 acts "

. Run semantics o
2 start: 1->2, fifo@snd; @ ~
3 finish: 2->1, fifo@snd; Trace: start!
4 proc

= 1. finish?
5| Ctr start..flqlsh.rl,rZ.Ctr undo
6 R = start?c.finish!.R
7 init Enabled — EH Er
8 «c:Ctr || rl:R || r2:R transitions: rl: R
start?c 28 3
start?c 1 (T
Race async - both actions send start il f;nlSh el
asynchronously, with a buffer for each - r2; R
sender. This is problematic because a c—>_ => [start,start]
runner can start, finish, and start again,
consuming a start message that was
meant to the other runner (causing a Build LTS @ 1
deadlock).
Local components @
Examples 23
s @ c:Ctr ri:R r2:R
coffee-sync | coffee-async
coffee-async-leave = race-sync R R
race@rcv | race@snd | race@global startl  finish2ri,r2  start’c  finish!  start’c  finish!
race@unbounded = race@errors /
race@bt-error  healthcare-sync
View pretty data
Number of states and edges @

Fig. 9. Screenshot of the prototypical A-Team online tool

We implemented a prototypical tool, called the A-Team, to specify ATeams,
to animate its semantics, and to analyse well-formedness and well-behavedness
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conditions. A-Team is open-source and can be used online by loading the static
website https://fm-dcc.github.io/a-team. Figure9 illustrates its main interface,
organised into several widgets: (@) is a text editor to specify a system, using a
dedicated domain-specific language; (2) loads examples of ATeams, including the
ones presented in this paper; 3) lists all the well-behavedness errors found (up to
a bounded number of transitions); (@) allows the guided step-by-step execution of
the operational rules from Figs. 4 to 5; (§) unfolds and draws all the operational
steps in a graph (until a fixed bound); (&) draws the local automata from the
init block; and (7) counts the number of edges and states from widget &) (useful
for larger systems). A hidden widget verifies all well-formedness conditions (cf.
Section 2.4) and throws warnings when these do not hold. Some of these widgets
are collapsed (e.g., @), ®), and (7)) and the others are expanded (e.g., @) and Q));
clicking the header alternates between these states. Only expanded widgets are
evaluated, and expanding a collapsed widget triggers its (re-)evaluation.
A-Team is written in Scala and uses the CAOS libraries [57] to generate an
interactive website without any server, whereas all functionality is compiled to
JavaScript using Scala.js. A-Team is meant to provide quick insights on the
expressivity of our semantics, experiment with different communication types,
and have a small code-base easy to adapt and maintain. For example, the full
semantics is encoded in file https://github.com/FM-DCC/a-team/blob/main/src/
main/scala/ateams/backend /Semantics.scala. Here the function nextState(st:St)
receives a current st with the action and process declarations, and returns a set of
possible steps, each consisting of an action and its associated new state (including
the updated buffers). The behavioural analyses are currently not meant to be
particularly efficient or scalable, but to showcase how to traverse the state space
to search for desirable properties, and to provide early insights on some of these.

Input program i o [Ctr] Trying to receive
1 acts start: 1->2, sync; ‘finish' from {r1} but
5, finish: 2->1, fifo@snd; expected #{r1} e {2}.
3 proc Ctr = start!.finish?rl.Ctr

4 R = start?.finish!c.R

[R] Sending finish to c, but
no destination should be
specified.

5 init c:Ctr || r1:R || r2:R

Error raised by 'Well-behaved?"': Trying to send 'finish!c' to {c} but there is
no guarantees that the receivers are the correct ones. You should either Well-behaved?
remove the explicit set of senders, or change the synchronisation type.

Fig. 10. A-Team providing feedback regarding well-formedness and well-behavedness

Example with Errors. A screenshot from A-Team with an
asynchronous variation of the synchronous Race exampleg with well-formedness
and well-behavedness problems is depicted in Fig. 10. In this variation, start is
synchronous and finish uses a FIFO buffer; however, finish is used incorrectly in
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both process definitions, as described in the warning messages on the top-right:
Ctr tries to receive from a single runner (instead of two) and R tries to send to
an explicit agent, which should be omitted. The well-behavedness widget does
not succeed because the tool raises an error (cf. bottom left in Fig. 10) while
traversing the state space, due to a well-formedness violation (cf. top right in
Fig. 10). Errors from any of the widgets are displayed below the input program,
which can be seen at the bottom left in Fig. 10.

4 Related Work

In this section, we discuss and provide pointers to related work on synchronous
automata-based or coordination models and on asynchronous communication
models, and we briefly recall related work on properties that guarantee safe
communication in component-based and distributed systems.

In the introduction, we related team automata with I/O automata [53].
Further closely related I/O automata-based models include I/O systems [49],
interface automata [2], reactive transition systems [31], interacting state
machines [55], and component-interaction (CI) automata [30]. All these mod-
els distinguish input, output, and internal actions. However, I/O automata are
input-enabled (in each state of the automaton, every input action of the automa-
ton is enabled). Most of these models define composition as the synchronous
product of automata. However, I/O automata only allow the compositon of
1/0O automata whose output actions are disjoint. Moreover, interface automata
restrict product states to compatible states. Finally, CI automata share the dis-
tinguishing feature of multi-party composition a la team automata, but com-
munication is restricted to binary synchronisation between a pair of input and
output actions.

In [23], team automata are compared in detail to the coordination models
Reo/port automata [3,50], BIP [13,27], contract automata [11,12], choreogra-
phy automata [7,8], and (synchronous) multi-party session types [59,60], includ-
ing for each model the definition of composition, an overview of existing tool
support, and a specification of the Race example in the specific model. Reo’s
semantic model of port automata abstracts from data constraints to focus on
(action) synchronisation and (automata) composition. Synchronisation types in
team automata restrict the number of inputs and outputs of ports (actions) with
shared names, while synchronisation in port automata forces how this is done.
BIP (without priorities) has a synchronisation mechanism that ignores input
and output but, similar to synchronisation types in team automata, it has a
formalisation parameterised on the number of components. Ports (actions) can
have multiple instances and bounds on the number of allowed components they
can synchronise with and on the number of interactions they can be involved in.
Both contract and choreography automata support only binary synchronisations
in which each interaction has a single sender (the component that offers) and a
single receiver (the component that requests). Synchronous multi-party session
types, finally, support a more limited set of communication patterns than team
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automata. They typically support only binary synchronisation, yet variants exist
that support multiple receivers [26] or multiple senders [45].

In the introduction, we mentioned actor-based and object-based program-
ming models and languages like Erlang [4], Rebeca [1,44], Creol/ABS [46,47|,
and Akka [41], as well as asynchronous communication models like asynchronous
multi-party session types [43] and CFSMs [29], as part of our inspiration
for addressing asynchronous communication in team automata in this paper.
Erlang/Akka, Rebeca, and Creol/ABS are actor-based models with no shared
memory that instead model systems as actors (components) communicating
by asynchronous message-passing, making them particularly suitable for spec-
ifying concurrent and distributed systems. The Basic Actor-based Language
(Babel) [39] is a core actor-based language with a semantics with variation points
for communication and coordination that can be instantiated to obtain the con-
crete semantics of actor-based languages like Rebeca, ABS, and Erlang/Akka. In
particular, the operations of sending and receiving messages are distinguished by
variation points based on when a message can be added to the buffer (i.e., based
on the buffer’s type and capacity) and when it can be consumed from the buffer
(e.g., FIFO, EDF (Earliest Deadline First), based on priority or pattern match-
ing, or nondeterministically). In the future, we could consider adding some of
these policies to our buffer types. CFSMs and multi-party session types, on the
other hand, are meant for specifying and reasoning (through formal verification
and type checking) about safe communication in message-passing concurrent and
distributed systems rather than actor-based models. However, communication in
CFSMs and most related asynchronous models is limited to peer-to-peer commu-
nication. This is part of the challenge of addressing asynchronous communication
in team automata, as sketched in Fig. 1.

In Sect. 2.5, we discussed in detail related studies on guaranteeing safe com-
munication in terms of properties like receptiveness, responsiveness, absence of
orphan messages, infinite buffers, and deadlocks in particular in models such as
CFSMs, BIP, choreography automata, and multi-party session types.

5 Conclusion and Future Work

Building on the extensive body of work on team automata [23], including work
presented at FM [17,18], we introduced ATeams, extending team automata
with asynchronous communication. Unlike established asynchronous models such
as CFSMs, ATeams naturally support multi-party communication with multi-
ple senders and multiple receivers. We formalised their syntax and operational
semantics, identified conditions for well-formed and well-behaved specifications,
and provided tool support for modelling, animation, and automated checks for
well-formedness and well-behavedness. Together, these contributions position
ATeams as a unifying semantic foundation for the modelling and analysis of
heterogeneous synchronous—asynchronous multi-party systems.
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Future Work. In particular the well-behavedness conditions for ATeams need
to be fine-tuned, expanded and implemented in A-Team to offer further analyses
guaranteeing a rich set of communication properties, such as deadlock detection
(considering the decidability issues mentioned below). These analyses could be
further improved by developing back-ends that rely on efficient tools, such as
mCRL2 for team automata [18]. The proposed heterogeneous communication
channels with multi-party interactions could also be exploited when describing
systems at a global rather than local level. These specifications could be analysed
to reason about realisability, similar to our previous work on realising team
automata from global specifications [22], or about multi-party session types for
multilingual programming [48].

We conjecture that CFSMs can be encoded into ATeams, by only allowing
actions whose synchronisation type has buffer type FIFO and location type SND-
RCV. It would then follow that, in general, deadlock detection is undecidable.
As future work, we plan to investigate whether decidability may be recovered
under suitable restrictions, such as when FIFO ordering is ruled out (i.e., only
unordered buffers are permitted), or when buffers are finite (although checking
for buffer finiteness may itself be undecidable).
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